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FORK  WORD 


This  report  was  prepared  by  SRI  International  under  Naval  Surface  Warfare 
Center  (NAVSWC)  contract  N6092.1  -86-C-0253  in  support  of  the  Submarine  Damage 
Mechanisms  Task  of  the  Undersea  Warheads  and  Explosives  Block  Program 
sponsored  by  the  Office  of  Naval  Technology.  The  contract  technical  monitor  was  Mr. 
William  W.  McDonald,  NAVSWC  Code  R14. 

The  document  presents  an  experimental  and  analytical  study  of  the  fracture 
properties  of  HY130  steel  test  specimens  performed  by  SRI  International  under  the 
above  contract.  SRI  Internationa!  conducted  tests  of  similar  designs  of  stiffened  fiat 
plate  test  specimens  under  both  quasi-static  and  explosive  test  conditions.  The 
principal  objective  of  the  work  was  to  determine  the  dependence  of  specimen 
baseplate  fractures  upon  scale  under  dynamic  conditions.  To  provide  a  theoretical 
understanding  of  the  empirically  derived  scaling  rule,  and  to  provide  a  tool  for 
extending  the  rule  to  untested  scales  and  other  structure  designs,  SRI  also  developed 
a  finite  element  fracture  model  based  on  a  semi-empidcally  derived  local  fracture 
criterion. 

The  Submarine  Mechanisms  Task  is  an  effort  to  develop  an  empirically  based 
methodology  for  predicting  the  fracture  of  submarine  pressure  hulls  in  response  to 
the  loadings  of  underwater  explosions.  The  work  in  this  report  was  funded  in 


NAVSWCTR  90-360 


recognition  of  the  key  importance  to  this  Task  of  the  issue  known  in  the  engineering 
community  as  the  fracture  size  effect  that  is  exhibited  by  many  structural  materials. 

The  authors  would  like  to  thank  Mr.  William  W.  McDonald,  Program  Monitor, 
Naval  Surface  Warfare  Center,  White  Oak,  and  Dr.  David  Nicholson,  University  of 
Central  Florida,  for  many  helpful  discussions  of  the  project,  particularly  during  the 
design  of  the  explosive  experiments.  The  elastoplastic  fracture  analysis  of  three- 
point-bend  specimens,  reported  in  Appendix  D,  was  performed  by  Dr.  Ulrich  Morf, 
International  Fellow,  on  leave  from  EMPA,  Diibendorf,  Switzerland.  His  help  is 
greatly  appreciated.  The  authors  are  also  indebted  to  their  SRI  colleagues  Moshen 
Sanai,  Alexander  L.  Florence,  Bonita  Lew,  James  A.  Kempf,  Thomas  S.  Lovelace, 
Dennis  Gandrud,  Joseph  Regnere,  Michael  A.  Merritt,  Frank  B.  Galimba,  Eldon 
Farley,  Leah  Alaura-Malinis,  Helen  Mosbrook,  Arnold  Williams,  and  Joyce  Berry  for 
their  invaluable  contributions.  The  contribution  to  the  initial  phase  of  the  project  of 
Dr.  Robert  D.  Caligiuri,  presently  with  Fracture  Analysis  Associates,  Palo  Alto, 
California,  is  also  acknowledged. 


Approved  by: 


WILLIAM  H.  BOHLI,  Head 
Energetic  Materials  Division 


NAVSWCTR  90-360 


CONTENTS 


Eags 

INTRODUCTION . 1 

BACKGROUND  AND  PROGRAM  OBJECTIVES . 1 

TECHNICAL  APPROACH . . . 4 

STEEL  AND  WELD  CHARACTERIZATION .  7 

CHARACTERIZATION  METHOD . 7 

RESULTS . 7 

STATIC  FRACTURE  EXPERIMENTS .  11 

EXPERIMENTAL  METHOD . 11 

RESULTS .  13 

DYNAMIC  FRACTURE  EXPERIMENTS .  17 

EXPERIMENTAL  PROCEDURE .  17 

RESULTS . 20 

MODELING  OF  WELDMENT  FRACTURE .  25 

OBJECTIVES  AND  MODELING  APPROACH .  25 

RESULTS .  25 

ELASTOPLASTIC  FRACTURE  ANALYSIS .  30 

CONCLUSIONS  AND  RECOMMENDATIONS .  31 


Appendix  Eage 

A  MATERIAL  PROPERTIES  OF  HY- 1 30  STEEL  AND  ITS 

WELDMENTS . A-l 

B  STATIC  FRACTURE  EXPERIMENTS .  B-l 

C  DYNAMIC  FRACTURE  EXPERIMENTS . . .  C- 1 

D  MODELING  HY- 1 30  STEEL  WELDMENT  FRACTURE  AND 

FINITE  ELEMENT  SIMULATIONS .  D-l 


iii 


NAVSWC  TR  90-360 


ILLUSTRATIONS 

Figure  Ease 

1  WELDMENT  CONFIGURATION  OF  INTEREST .  2 

2  TECHNICAL  APPROACH  TO  WELDMENT  FRACTURE 

SCALING  PROBLEM .  5 

3  MACROGRAPHS  AND  300G  DIAMOND  PYRAMID  HARDNESS 

MAPS  FOR  THREE  SCALES  OF  HY-130  STEEL/HY-100 

GTAW  WELDMENTS  INVESTIGATED .  8 

4  CONFIGURATION  FOR  STATIC  FRACTURE  EXPERIMENTS  .  12 

5  CROSS  SECTION  OF  STATICALLY  FRACTURED  SPECIMENS 

SHOWING  CRACK  PATH .  14 

6  SUMMARY  AND  COMPARISON  OF  RESULTS  OF  STATIC 

FRACTURE  EXPERIMENTS .  15 

7  SPECIMEN  FOR  DYNAMIC  FRACTURE  EXPERIMENTS .  18 

8  LOADING  FIXTURE  FOR  DYNAMIC  FRACTURE  EXPERIMENTS .  19 

9  NORMALIZED  PLATE  CENTER  DEFLECTION  HISTORIES  FOR 

DYNAMIC  FRACTURE  EXPERIMENTS .  21 

10  FRACTURE  ENVELOPE  FOR  HY- 1 30  STEEL  WELDMENTS 

ESTABLISHED  ON  THE  BASIS  OF  THE  DYNAMIC 

FRACTURE  EXPERIMENTS . 23 

1 1  ELEMENTS  OF  THE  HY- 1 30  STEEL  WELDMENT  FRACTURE 

MODEL . 27 

12  RESULTS  OF  SIMULATION  OF  1/4-SCALE  STATIC  FRACTURE 

EXPERIMENT  USING  HY-130  STEEL  WELDMENT 

FRACTURE  MODEL .  29 

A-l  ISOTHERMAL  TRANSFORMATION  DIAGRAM  FOR  HY-130  STEEL...  A-4 

A-2  TYPICAL  NOMINAL  AND  TRUE  STATIC  STRESS-STRAIN 

CURVES  FOR  HY-130  STEEL . A-5 

A- 3  EFFECT  OF  STRAIN  RATE  ON  THE  NOMINAL  TENSILE 

STRESS-STRAIN  CURVE  FOR  HY-130  STEEL . . .  A-6 


NAVSWCTR  90-360 


ILLUSTRATIONS  (Cont.) 

EifiUffi  Page 

A-4  EFFECT  OF  STRAIN  RATE  ON  THE  TRUE  FLOW  STRESS 

FOR  HY-130  STEEL . . . . .  A-8 

A-5  EFFECT  OF  NOTCH  ACUITY  ON  THE  STRESS-STRAIN  CURVE 

OF  HY- 130  STEEL .  A-9 

A-6  FAILURE  STRAIN  ASA  FUNCTION  OF  TRIAXIALITY  RATIO 
(MEAN  STRESS  OVER  EFFECTIVE  STRESS  RATIO)  FOR 
KY- 130  STEEL .  A-10 

A-7  Jic  AS  A  FUNCTION  OF  TEMPERATURE  AND  LOADING 

RATE  FOR  HY- 1 30  STEEL . .  A- 1 2 

A-8  REPRESENTATIVE  J-RESISTANCE  CURVES  FOR  HY-130  STEEL 

OBTAINED  WITH  COMPACT  TENSION  SPECIMENS .  A-13 

A-9  EFFECT  OF  NOTCH  ROOT  RADIUS  ON  J-RESISTANCE  CURVE 

OF  HY-130  STEEL . . .  A- 14 

A-10  STATIC  AND  DYNAMIC  STANDARD  CVN  ENERGY  RESULTS 

FOR  HY-130  STEEL . .  A-16 

A-l  1  TENSILE  TEST  RESULTS  FOR  1 3-  AND  4 1  -MM  HY- 1 30 

STEEL  PLATES .  A-18 

A-12  DEPENDENCE  OF  HY-130  STEEL  WELD  METAL  J-RESISTANCE 

CURVE  ON  WELDING  PROCESS  AND  HEAT  INPUT .  A-22 

A-13  SCATTER  IN  J-RESISTANCE  CURVE  DATA  FOR  THREE 

NOMINALLY  IDENTICAL  GMAW  HY- 1 30  WEI  DMENTS .  A-23 

A-14  MACROGRAPHS  AND  300  G  DIAMOND  PYRAMID  HARDNESS 
MAPS  FOR  THREE  SCALES  OF  HY-130  STEEL/HY-100 
GTAW  WELDMENTS  INVESTIGATED  .  A-25 

A-15  DETAILS  OF  THE  WELDMENT  MICROSTRUCTURE  AND 

HARDNESS  PROFILE  NEAR  THE  PLATE  SURFACE  FOR 

TRIAL  HY- 1 30  SYEEL/HY- 1 00  GTAW  WELDMENTS .  A-27 

A-16  COMPARISON  OF  DIMENSIONS  FOR  THREE  SCALES  OF 

TRIAL  HY-130  STEEL/HY-lOO  GTAW  WEI  DMENTS  .  A-30 

B-i  CONFIGURATION  FOR  STATIC  FRACTURE  EXPERIMENTS  .  B-2 

B-2  1/8-,  l/4-„  AND  1/2-SCALE  HY-130  STEEL  STATIC  FRACTURE 

SPECIMENS  INSTRUMENTED  WITH  STRAIN  GAGES .  B-3 

B-3  EXPERIMENTAL.  ARRANGEMENT  FOR  THE  1/2-SCALE  STATIC 

FRACTURE  EXPERIMENTS  .  B-4 


v 


NAVSWC  TR  90-360 


ILLUSTRATIONS  (Cent.) 

Figms  Page 

B-4  DEFINITION  OF  PLASTIC  COMPONENT  OF  PLASTIC  HINGE 

DISPLACEMENT,  Dphp . . .  B-7 

B-5  LOAD  DEFLECTION  CURVES  FOR  1/8-SCALE  EXPERIMENTS .  B -9 

B-6  LOAD  DEFLECTION  CURVES  FOR  1/4-SCALE  EXPERIMENTS... .  B-13 

B-7  LOAD  DEFLECTION  CURVES  FOR  1/2-SCALE  EXPERIMENTS .  B-15 

B-8  ACOUSTIC  EMISSION  RECORD  AS  A  FUNCTION  OF  SPECIMEN 
DISPLACEMENT  SUPERIMPOSED  ON  TH  CORRESPONDING 
LOAD-DISPLACEMENT  CURVE  TO  INDICATE  POINT  OF 
CRACK  INITIATION  Dae  (1/4-SCALE  EXPERIMENT)  . . .  B-16 

B-9  PLOT  OF  Dae  VERSUS  Dph .  B-18 

B-10  SUMMARY  AND  COMPARISON  OF  THE  RESULTS  OF  THE 

STATIC  FRACTURE  EXPERIMENTS .  B-19 

B-ll  NORMALIZED  PLASTIC  ENERGY  DISSIPATION  IN  STATIC 

FRACTURE  EXPERIMENTS  .  B-21 

B-12  STIFFENER  TENSILE  AND  BENDING  STRAINS  .  B-22 

B-13  PLATE  LONGITUDINAL  BENDING  STRAINS  .  B-24 

B-14  PLATE  TRANSVERSE  STRAIN  .  B-25 

B-15  CROSS  SECTION  OF  STATICALLY  FRACTURED  SPECIMENS 

SHOWING  CRACK  PATH  . B-26 

B-16  RECONSTRUCTION  OF  ARRESTED  CRACK  IN  1/8-SCALE 
SPECIMEN  SHOWING  BLUNTING  OF  THE  CRACK  TIP 
AND  CRACK  OPENING  DISPLACEMENT  .  B-28 

C-l  SPECIMEN  .  OR  DYNAMIC  FRACTURE  EXPERIMENTS... .  C-2 

C-2  LOADING  FIXTURE  FOR  DYNAMIC  FRACTURE  EXPERIMENTS .  C-3 

C-3  EFFECT  OF  DIFFERENT  TAMPING  MATERIALS  ON  THE 

MID-THICKNESS  VELOCITY  OF  A  STEEL  PLATE  LOADED 
BY  TAMPED  SHEET  EXPLOSIVE .  C-6 

C-4  EXPLOSIVE  CHARGE  CONFIGURATION  FOR  DYNAMIC 

FRACTURE  EXPERIMENTS . .  C-8 

C-5  CONTACT  PINS  USED  TO  MEASURE  THE  DEFLECTION 
HISTORY  OF  THE  SPECIMEN  CENTER  LINE  (SET  OF 
FOUR  STAGGERED  CONTACT  PINS)  . C-10 


NAVSWCTR  90-360 


ILLUSTRATIONS  (Cont.) 

Eisuffi  Ease 

C-6  POSITION  OF  INSTRUMENTATION  FOR  DYNAMIC  FRACTURE 

EXPERIMENTS .  C-12 

C-7  NORMALIZATION  ANALYSIS . . .  .  C-14 

C-8  INITIAL  PLATE  CENTER  VELOCITY  VERSUS  NORMALIZED 
EXPLOSIVE  THICKNESS  RELATION  PREDICTED  BY 
EQUATION  (C-3) . C-16 

C-9  DEFLECTION  HISTORIES  FOR  1/4-SCALE  AND  1/8-SCALE 

EXPERIMENTS . C-19 

C-10  POSTTEST  SPECIMEN  DEFORMATION  FOR  EXPERIMENT 

HY-130  WE4-I .  C-22 

C- 1 1  SUMMARY  OF  RECORD  S  FOR  EXPERIMENT  H Y- 1 30  WE4- 1 .  C-23 

C-12  PLATE  CENTER  DEFLECTION  HISTORY  FOR  EXPERIMENT 

HY-130  WE4-1 .  C-24 

C-13  COMPARISON  OF  POSTTEST  SPECIMEN  DEFORMA  IION  EOR 

EXPERIMENTS  HY-130  WE4-2  AND -3  .  C-26 

C-14  PLATE  CENTER  DEFLECTION  HISTORIES  FOR  EXPERIMENTS 

HY-130  WE4-2,  AND -3  .  C-27 

C-15  USEFUL  HISTORIES  RECORDED  ON  STIFFENER  EXTERIOR 

DURING  EXPLOSIVE  EXPERIMENTS .  C-28 

C-16  COMPARISON  OF  EARLY  STRAIN  HISTORIES  ON  INTERIOR 
AND  EXTERIOR  OF  STIFFENER  IN  EXPERIMENT 
HY-130  WE4-3  . C-30 

C-17  COMPARISON  OF  POSTTEST  SPECIMEN  DEFORMATION  AND 

FRACTURE  EXPERIMENTS  HY-130  WE4-4  AND  -5 .  C-31 

C-18  PLATE  CENTER  DEFLECPION  HISTORIES  FOR  EXPERIMENTS 

HY-130WE4-4  AND -5 . C-33 

C-19  POSTTEST  SPECIMEN  DEFORMATION  FOR  EXPERIMENT 

HY-130  WE4-6 . C-35 

C-20  PLATE  CENTER  DEFLECTION  HISTORY  FOR  EXPERIMENT 

HY-130  WE4-6 . C-36 

C-2 1  POSTTEST  SPECIMEN  DEFORMATION  FOR  EXPERIMENTS 

HY-130  WE8-1  AND  -2  .  C-38 

C-^  PLATE  CENTER  DEFLECTION  HISTORIES  FOR  EXPERIMENTS 

HY-130  WE8-1  AND  -2 .  C-39 


NAVSWC  TR  90-360 


ILLUSTRATIONS  (Cont.) 

Figure  Pjg£ 

C-23  SCHEMATIC  OF  UNCONTROLLED  DEFORMATIONS  IN 

SPECIMEN  HY-130WE8-2  . . .  C-40 

C-24  POSTTEST  SPECIMEN  DEFORMATION  FOR  EXPERIMENT 

HY-13Q  WE8-3 .  C-42 

C-25  PLATE  CENTER  DEFLECTION  HISTORY  FOR  EXPERIMENT 

HY-130  WE8-3  .  C-43 

C-26  POSTTEST  SPECIMEN  DEFORMATION  FOR  EXPERIMENT 

HY-130  WE8-4 .  C-44 

C-27  PLATE  CENTER  DEFLECTION  HISTORY  FOR  EXPERIMENT 

HY-130  WE8-4  . . C-45 

C-28  ESTIMATION  OF  PARAMETER  a  FROM  THE  PREDICTED 

AND  MEASURED  VALUES  OF  V0  .  C-47 

C-29  NORMALIZED  PLATE  CENTER  DEFLECTION  HISTORIES  FOR 
ALL  DYNAMIC  FRACTURE  EXPERIMENTS  ON  HY-130 
STEEL  WELDMENTS .  C-48 

C-30  NORMALIZED  EXPERIMENTAL  MAXIMUM  CENTER  PLATE 
DEFLECTION  AS  A  FUNCTION  OF  NORMALIZED 
EXPLOSIVE  THICKNESS  (NORMALIZATION  BY 
SPECIMEN  PLATE  THICKNESS)  . .  C-50 

C-31  COMPARISON  OF  PREDICTED  AND  MEASURED  INITIAL 
PLATE  CENTER  VELOCITY  DEPENDENCE  ON  THE 
NORMALIZED  EXPLOSIVE  THICKNESS .  C-52 

C-32  FRACTURE  ENVELOPE  FOR  HY- 1 30  STEEL  WELDMENTS 

ESTABLISHED  ON  THE  BASIS  OF  THE  DYNAMIC 
FRACTURE  EXPERIMENTS .  C-57 

D-l  MODEL  OF  WELDMENT  GEOMETRY  AND  STRENGTH .  D-3 

D-2  CRITICAL  EQUIVALENT  PLASTIC  STRAIN  VERSUS  STRESS 

TRIAXIALITY  RATIO  Smean/^eq  FOR  HY-130  STEEL  BM 
ANLHAZ .  D-8 

D-3  STRAIN-SOFTENING  CURVE  ASSUMED  FOR  FAILING 

MATERIAL  ELEMENT .  D-10 

D-4  TYPICAL  FINITE  ELEMENT  MESH  FOR  SIMULATING  STATIC 

EXPERIMENTS  (INVESTIGATION  OF  GEOMETRY  AND 
STRENGTH  EFFECT) .  D-13 


NAVSWC  TR  90-360 


ILLUSTRATIONS  (ConL) 


Eisure  Pass 

D-5  STRESS-STRAIN  CURVES  USED  IN  THE  FINITE  ELEMENT 

SIMULATIONS  OF  THE  STATIC  FRACTURE  EXPERIMENTS .  D-14 

D-6  VARIATIONS  IN  WELDMENT  GEOMETRY  INVESTIGATED  IN 

FINITE  ELEMENT  SIMULATIONS  (CASES  1  AND  5  DIFFER 
ONLY  IN  THE  STRESS-STRAIN  CURVES  USED) .  D-i5 

D-7  TYPICAL  CONTOUR  OF  EQUIVALENT  PLASTIC  STRAIN  AND 
MEAN  STRESS  OBTAINED  WITH  THE  FINITE  ELEMENT 
SIMULATION  (GEOMETRICAL  CASE  1,  BASE  METAL  2 
STRESS-STRAIN  CURVE) .  D-16 

D-8  MEAN  STRESS  AS  A  FUNCTION  OF  SPECIMEN  DISPLACEMENT 
FOR  BASE  PLATE  HAZ  ELEMENT  IMMEDIATELY  AT  THE8 
TOE  OF  THE  WELD  BEAD  FOR  C  ASES  1  THROUGH  4 .  D-18 

D-9  EFFECTIVE  PLASTIC  STRAIN  AS  A  FUNCTION  OF  SPECIMEN 
DISPLACEMENT  FOR  BASE  PLATE  HAZ  ELEMENT 
IMMEDIATELY  AT  THE  TOE  OF  THE  WELD  BEAD  FOR 
CASES  1  THROUGH  4 .  D-18 


D-10  RATIO  OF  MEAN  STRESS  TO  EFFECTIVE  STRESS  AS  A 

FUNCTION  OF  EFFECTIVE  PLASTIC  STRAIN  FOR  BASE 
PLATE  HAZ  ELEMENT  IMMEDIATELY  AT  THE  TOE  OF 
THE  WELD  BEAD  FOR  CASES  1  THROUGH  4  (THE 
STRAIN/MEAN  STRESS  FAILURE  ENVELOPES  FOR  HY-130 
STEEL  IN  THE  LONG  TRANSVERSE  (LT)  AND  SHORT 
TRANSVERSE  (ST)  DIRECTIONS  ARE  ALSO  PLOTTED) .  D-19 


D-l  1  COMPARISON  OF  MEAN  STRESS  AS  A  FUNCTION  OF  SPECIMEN 
DISPLACEMENT  FOR  BASE  PLATE  HAZ  ELEMENT 
IMMEDIATELY  AT  THE  TOE  OF  THE  WELD  BEAD  FOR 
CASES  1  AND  5 . . .  D-21 


D-12  COMPARISON  OF  EFFECTIVE  PLASTIC  STRAIN  AS  A  FUNCTION 


OF  SPECIMEN  DISPLACEMENT  FOR  BASE  PLATE  HAZ 

ELEMENT  IMMEDIATELY  AT  THE  TOE  OF  THE  WELD 

BEAD  FOR  CASES  1  AND  5 .  D-21 

D-l 3  RATIO  OF  MEAN  STRESS  TO  EFFECTIVE  STRESS  AS  A 

FUNCTION  OF  EFFECTIVE  PLASTIC  STRAIN  FOR  BASE 

PLATE  HAZ  ELEMENT  IMMEDIATELY  AT  THE  TOE  OF 

THE  WELD  BEAD  FOR  CASES  1  AND  5.... . . .  D-22 

D-14  COMPARISON  OF  MEAN  STRESS  AS  A  FUNCTION  OF 
SPECIMEN  DISPLACEMENT  FOR  BASE  PLATE  HAZ 
ELEMENT  IMMEDIATELY  AT  THE  TOE  OF  THE  WELD 
BEAD  FOR  CASE  1  WITH  FLOW  CURVES  BASE 
MATERIAL  1  AND  BASE  MATERIAL  2 . - . . .  D-24 


NAVSWC  TR  90-360 


ILLUSTRATIONS  (Cont.) 


Eigms  Page 

D-15  COMPARISON  OF  EFFECTIVE  PLASTIC  STRAIN  AS  A  FUNCTION 
OF  SPECIMEN  DISPLACEMENT  FOR  BASE  PLATE  HAZ 
ELEMENT  IMMEDIATELY  AT  THE  TOE  OF  THE  WELD  BEAD 
FOR  CASE  1  WITH  FLOW  CURVES  BASE  MATERIAL  1  AND 
BASE  MATERIAL  2 .  D-24 

D-16  RATIO  OF  MEAN  STRESS  TO  EFFECTIVE  STRESS  AS  A 

FUNCTION  OF  EFFECTIVE  PLASTIC  STRAIN  FOR  BASE 
PLATE  HAZ  ELEMENT  IMMEDIATELY  AT  THE  TOE  OF  THE 
WELD  BEAD  FOR  CASE  1  WITH  FLOW  CURVES  BASE 
MATERIAL  1  AND  BASE  MATERIAL  2  [THE  STRAIN/MEAN 
STRESS  FAILURE  ENVELOPES  FOR  HY-130  STEEL  IN  THE 
LONG  TRANSVERSE  (LT)  AND  SHORT  TRANSVERSE  (ST) 


DIRECTIONS  ARE  ALSO  PLOTTED] .  D-25 

D-17  FINITE  ELEMENT  MESH  USED  FOR  THE  INVESTIGATION 
OF  GEOMETRIC  SOFTENING  INDUCED  BY  LARGE 
DEFORMATIONS . . .  D-26 

D-18  COMPARISON  OF  THE  NORMALIZED  LOAD-DEFLECTION 

CURVES  FOR  THE  FINITE  ELEMENT  SIMULATIONS  WITH 
CONDITIONS  1  AND  2  AND  FOR  TEST  HY-130  WSTB4-2 .  D-29 

D-19  CONTOURS  OF  DAMAGE  IN  A  SIMULATED  1/4-SCALE  STATIC 
FRACTURE  EXPERIMENT,  SHOWING  A  CRACK  EXTENDING 
THROUGH  HAZ  AND  INTO  THE  SPECIMEN  PLATE .  D-32 

D-20  CONTOURS  OF  EFFECTIVE  STRESS  IN  THE  DAMAGE  REGION 
OF  THE  STATIC  FRACTURE  SPECIMEN  AT  A  NORMALIZED 
DISPLACEMENT  dNORM  =  4 .  D-33 

D-21  COMPARISON  OF  LOAD-DEFLECTION  CURVE  FOR  EXPERIMENT 

HY-130  WE4-2  WITH  CALCULATED  CURVE  FROM  FINITE 
ELEMENT  SIMULATION  WITH  LOCAL  FRACTURE  MODEL .  D-34 

D-22  FINITE  ELEMENT  MODEL  OF  DYNAMIC  FRACTURE 

EXPERIMENT . D-37 

D-23  PLATE  CENTER  DEFLECTION  HISTORIES  CALCULATED  IN 

FINITE  ELEMENT  SIMULATIONS  OF  DYNAMIC  FRACTURE 
EXPERIMENTS . D-38 

D-24  COMPARISON  OF  CALCULATED  AND  EXPERIMENTAL 

NORMALIZED  PLATE  CENTER  DEFLECTION  HISTORIES 

FOR  DYNAMIC  FRACTURE  EXPERIMENTS . . .  D-39 

D-25  COMPARISON  OF  CALCULATED  AND  MEASURED  FINAL 

SPECIMEN  SHAPES .  D-41 


x 


N'AVSWC  TR  90-360 


ILLUSTRATIONS  (Coni.) 


Eisum  Esgc 

D  26  STRAIN  HISTORIES  FOR  BASE  PLATE  HAZ  ELEMENT 

IMMEDIATELY  AT  THE  TOE  OF  THE  WELD  BEAD .  D-43 

D-27  COMPARISON  OF  CALCULATED  MAXIMUM  STRAINS  FOR 
BASE  PLATE  HAZ  ELEMENT  IMMEDIATELY  AT  THE  TOE 
OF  THE  WELD  BEAD  WITH  THE  FAILURE  ENVELOPE 
FOR  HY- 130  STEEL. .  D-44 

D-28  NORMALIZED  RESULTS  OF  EPFM  ANALYSIS  OF 

THREE-POINT  BEND  SPECIMENS  OF  DIFFERENT  SIZES .  D-48 


MAVSWC  TO  90-360 


TABLES 

Table  Page 

1  RESULTS  OF  DYNAMIC  FRACTURE  EXPERIMENTS.. . .  20 

A-l  COMPOSITION  OF  HY- 130  STEEL  PLATES  PROCURED  FROM 

LUKENS  STEEL  CO.  (MELT  C6161,  SLAB  4C)  AND 
SUPPLIED  BY  MARE  ISLAND  SHIPYARDS . . .  A-2 

A-2  MECHANICAL  PROPERTIES  OF  HY- 1 30  STEEL  PLATES 

PROCURED  FROM  LUKENS  STEEL  CO.  (MELT  C6161, 

SLAB  4C)  AND  SUPPLIED  BY  MARE  ISLAND  SHIPYARDS .  A-2 

A3  TENSILE  DATA  FOR  HY-130  STEEL  COMPILED  FROM 

THE  LITERATURE .  A- 3 

A-4  FRACTURE  PROPERTIES  OF  HY-130  STEEL  (AFTER  HAHN 

AND  KANNINENA-12) .  A-15 

A-5  TENSILE  PROPERTIES  OF  HY-130  STEEL  MEAi  URED  AT  SRI .  A- 19 

A-6  FRACTURE  PROPERTIES  OF  MIL- 1405  GMA,  HY-130  WELD 

METAL.. . A-21 

A-7  WELDING  CONDITIONS  FOR  TRIAL  H Y- 1 30  STEEL  WELDS 

(100S  WELD  WIRE)  GTAW  PROCESS . . .  A-24 

B-l  WELDING  CONDITIONS  FOR  STATIC  FRACTURE  SPECIMENS 

(100S  WELD  WIRE) . . . B-5 

B-2  CRACK  GFENING  DISP1  ACEMENT  DATA  FOR  ARRESTED 

CRACK  AT  HAZ/BM  INTERFACE . . .  B-27 

C-l  WELDING  CONDITIONS  FOR  DYNAMIC  FRACTURE 

EXPERIMENTS  (GTAW  PROCESS,  100S  WELD  WIRE) .  C-4 

C-2  PROPERTIES  OF  SHEET  EXPLOSIVES . . .  C-7 

C-3  RESULTS  OF  DYNAMIC  FRACTURE  EXPERIMENTS..... . .  C-20 

C-4  COMPARISON  OF  PREDICTED  AND  MEASURED  INITIAL 

PLATE  CENTER  VELOCITIES . . .  C-51 


NAVSWCTR  90-360 


Tables  (Cont.) 

Tabic  Page 

C-5  FRACTURE  CONTROLLING  PARAMETERS  FOR  EXPERIMENTS 

WITH  INCIPIENT  OR  COMPLETE  FRACTURE .  C-55 

D-l  COMPARISON  OF  CALCULATED  AND  EXPERIMENTAL 

MAXIMUM  CENTER  PLATE  DEFLECTIONS . D-45 

D-2  STRESS,  STRAIN,  AND  STRAIN  RATES  IN  THE  WELDMENT 

REGION  IN  DYNAMIC  FRACTURE  EXPERIMENTS .  D-45 

D  3  ESTIMATE  OF  NON-GEOMETRIC  SCALING  EFFECT  DURING 

0.15  NORMALIZED  CRACK  GROWTH  IN  THREE-POINT-BEND 

BARS  (INITIAL  CRACK-DEPTH-TO-SPECIMEN-WIDTH  RATIO 

0.5,  HY-130  STEEL) . .  D-49 


xiii/xiv 


NAVSWC  TR  90-360 


INTRODUCTION 


SRI  International  is  engaged  in  an  experimental  program  to  assist  the  Naval  Surface 
Warfare  Center  (NAVSWC)  in  developing  a  capability  for  predicting  failures  of  welded  naval 
structures.  This  technical  repost  presents  the  results  of  the  first  part  of  the  program  and  covers  the 
development  of  experiment?!  techniques  and  analytical  models  and  the  derivation  of  scaling  rules 
for  the  fracture  of  HY-130  steel  weldments.  In  the  second  part  of  the  program,  we  apply  die 
methodology  developed  for  HY-130  steel  weldmen’s  to  titanium  alloys  weldments.  The  results  of 
the  work  on  titanium  weldments  will  be  presented  in  a  separate  report 

BACKGROUND  AND  PROGRAM  OBJECTIVES 

NAVSWC  is  developing  a  statistical  model  tc  predict  the  fracture  probability  of  welded, 
ring-stiffened  naval  structures  subjected  to  dynamic  loads  such  as  result  from  an  underwater 
explosive  charge.  Figure  la  illustrates  the  pertinent  configuration.  Several  issues  must  be 
resolved  for  the  successful  development  of  the  statistical  model. 

The  first  issue  arises  from  the  following  practical  considerations.  A  statistically  significant 
fracture  data  base  must  be  available  to  aid  in  selecting  the  proper  fracture  distribution  function  for 
the  NAVSWC  statistical  model.  For  economic  reasons,  full-scale  tests  cannot  be  performed  on 
ring-stiffened  naval  structures,  so  small-scale  model  tests  must  be  performed  on  similar  structures. 
The  question  then  is,  how  can  the  fracture  behavior  of  welds  observed  in  small-scale  tests  be 
extrapolated  to  welds  in  full  -scale  structures? 

Establishing  the  fracture  scaling  behavior  of  welds  represents  an  intricate  problem,  because 
fracture  genemlly  does  not  follow  geometric  scaling  and  the  welding  process  itself  cannot  easily  be 
scaled.  Although  linear  elastic  and  elastoplastic  fracture  mechanics  provide  scaling  rules  when 
fracture  begins  at  a  preexisting  macroscopic  sharp  crack,  little  if  any  wdl-estabiished  methodology 
exists  for  deriving  scaling  rules  when  fracture  begins  in  the  absence  of  an  existing  crack  or  at  blunt 
stress  concentrations.  Furthermore,  because  the  specific  heat  input  and  number  of  passes  can 
never  be  reproduced  exactly  when  welded  scale  models  are  manufactured,  large-  and  small-scale 
welds  may  have  different  geometries,  microstructures,  and  properties. 
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The  second  issue  in  developing  a  statistical  fracture  model  for  welded,  ring-stiffened  naval 
structures  involves  defining  what  constitutes  a  fracture  event  in  the  welded  stiffener-plate  assembly 
under  consideration.  In  contrast  to  fracture  beginning  from  preexisting  macroscopic  cracks,  in 
which  the  onset  of  macrocrack  extension  can  provide  an  unequivocal  definition,  a  fracture  event  in 
materials  containing  only  microdefects  is  more  difficult  to  define  and  model. 

The  third  issue  is  the  correlation  of  fracture  event  and  test  variables.  In  an  explosively 
loaded,  ring-stiffened  structure,  loading  depends  on  many  parameters  such  as  charge  weight, 
charge  standoff,  pressure  pulse  duration,  and  structure  configuration.  Although  conceivable,  a 
direct  multivariable  regression  model  that  includes  all  the  loading  parameters  may  prove  practically 
intractable.  Therefore,  we  want  to  incorporate  the  effects  of  all  the  variables  in  a  single  "measure 
of  severity"  that  would  characterize  the  critical  loading  needed  to  cause  fracture  of  the  welded  joint. 
An  example  of  such  a  measure  of  severity  applicable  to  structures  with  macrocracks  is  the  stress- 
intensity  factor,  the  fundamental  parameter  of  linear  elastic  fracture  mechanics.  If  possible,  an 
analogous  parameter  should  be  found  that  character  res  fracture  of  the  welded  joint  in  ring- 
stiffened  structures  and  that  can  serve  as  a  measure  of  severity  in  the  NAVSWC  statistical  model. 

Finally,  as  mentioned  above,  a  small-scale  dynamic  test  involving  a  geometry  simpler  than 
that  of  a  ring-stiffened  structure,  yet  promoting  weld  fracture  under  equivalent  conditions,  is 
desirable  for  developing  statistical  dynamic  failure  models.  Moreover,  because  small-scale  welds 
are  difficult  and  costly  to  produce,  it  would  be  advantageous  to  avoid  welding  small-scale  model 
structures  and  instead  to  machine  the  stiffeners  from  a  thicker  piece  of  material.  The  problem  then 
becomes  the  design  of  the  stiffener-base  plate  connection  so  that  fracture  will  begin  at  the  same 
location  and  under  the  same  loading  conditions  as  in  the  actual  weldment. 

SRI's  research  project  addresses  the  four  issues  discussed  above.  To  simplify  the 
problem,  we  consider  the  stiffened  plate  geometry  illustrated  in  Figure  lb.  The  pertinent  materials 
of  interest  for  the  plate  and  stiffener  are  HY-130  steel,  in  the  first  phase  of  the  program,  and  Ti- 
6A1-4V  and  Ti-4A1-2V,  in  the  second  phase  of  the  program.  The  specific  objectives  of  the  SRI 
research  program  are  to: 

1 .  Establish  scaling  laws  for  predicting  the  fracture  of  plates  with  welded  stiffeners  in 
models  of  different  sizes. 

2.  Define  simple  parameters  that  will  quantify  and  correlate  the  fracture  damage 
produced  in  the  experiments  and  that  can  be  used  in  the  statistical  model  developed  by 
NAVSWC. 

3 .  Determine  how,  for  a  given  model  size  and  for  the  same  loading  parameters,  fracture 
of  plates  with  welded  stiffeners  relates  to  fracture  of  plates  with  machined  stiffeners. 
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4.  Propose  methods  of  enforcing  the  same  fracture  behavior  in  plates  with  welded  or 
machined  stiffeners. 

TECHNICAL  APPROACH 

To  achieve  these  objectives,  SRI  followed  the  complementary  empirical  and  experimental 
approach  illustrated  in  Figure  2.  We  First  derived  deterministic  empirical  scaling  rules  on  the  basis 
of  simple  fracture  experiments.  Then  we  interpreted  the  results  by  developing  and  applying  a 
weldment  model  combined  with  a  local  fracture  model. 

The  empirical  part  of  the  approach  began  with  characterizing  the  geometry  and 
microstructurc  of  a  family  of  weldments  of  various  scales  to  establish  in  what  respects  these 
weldments  differ.  This  information  later  served  as  input  for  developing  the  weldment  model. 
Next,  we  investigated  the  fracture  behavior  of  1/2-,  1/4-,  and  1/8-scale  weldments  by  performing 
simple  static  fracture  experiments,  which  allowed  convenient  monitoring  of  the  test  parameters  and 
detailed  observations  of  the  fracture  events.  Properly  normalized  results  of  these  experiments 
provided  the  basis  for  deriving  an  empirical  fracture  scaling  rale.  We  then  checked  the  validity  of 
this  rule  under  dynamic  loading  by  performing  a  series  of  explosively  loaded  experiments  on  1/4- 
and  1/8-scale  weldments. 

To  provide  a  theoretical  basis  for  the  empirical  scaling  rales,  we  developed  a  weldment 
fracture  model  in  parallel  with  the  experimental  work.  In  a  Finite  element  code,  we  combined  a 
weldment  monel,  which  includes  the  main  geometric  and  strength  features  of  the  weldment  regions 
[weld  metal,  heat-affected  zone  (HAZ).  and  base  metal],  with  a  local  fracture  criterion  capable  of 
predicting  fracture  that  begins  in  the  absence  of  a  preexisting  crack.  In  particular,  the  fracture 
model  contains  a  nonscaling  length  characteristic  of  the  material. 

The  model  can  be  used  to  rationalize  the  fracture  behavior  of  weldments  of  various  sizes,  to 
safely  extrapolate  the  empirical  scaling  law  to  full-scale  weldments  not  investigated  in  the  present 
program,  to  assess  the  effect  of  different  welding  processes  on  fracture  behavior,  and  to  guide  the 
choice  of  an  appropriate  severity  parameter  for  the  NAVSWC  statistical  fracture  model.  Finally, 
we  suggest  using  the  model  to  design  machined  small-scale  specimens  that  fail  under  the  same 
loading  conditions  as  welded  specimens  and  that  adequately  simulate  the  full-scale  ring-stiffened 
cylindrical  structures. 
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EMPIRICAL  ANALYTICAL 

APPROACH  APPROACH 
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Figure  2.  Technical  approach  to  weldment  fracture  scaling  problem. 
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The  approach  to  characterizing  T-weldment  fracture  and  deriving  scaling  rules  was  first 
ried  with  HY-130  steel  weldments.  This  report  discusses  the  development  of  the  necessary 
perimental  and  analytical  techniques  and  the  results  of  the  investigation  of  HY-130  steel 
weldments.  Application  of  the  approach  to  two  titanium  alloys  and  the  results  of  that  investigation 
will  be  presented  in  another  report 

The  next  four  sections  of  this  report  summarize  the  methods  used  and  the  results  obtained 
for  the  main  objectives  of  the  research;  a  detailed  discussion  of  each  of  these  topics  can  be  found  in 
the  appendices.  The  main  topics  and  the  corresponding  appendices  are 

•  Characterizing  IIY-130  steel  weldments  (Appendix  A) 

•  Static  fracture  experiments  (Appendix  B) 

•  Dynamic  fracture  experiments  (Appendix  C) 

•  Modeling  experiments  and  weldment  fracture  (Appendix  D) 

The  report  concludes  by  stating  the  fracture  scaling  rules  derived  from  this  rcseardi  and  by 
making  recommendations  for  future  research. 
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STEEL  AND  WELD  CHARACTERIZATION 


CHARACTERIZATION  METHOD 

We  first  reviewed  the  literature  to  gather  a  data  base  on  HY-130  steel  and  weldments, 
focusing  on  the  strength,  ductility,  and  fracture  properties  and  on  the  variations  in  microstructure 
and  gradient  of  mechanical  properties  in  the  weld  regions.  We  complemented  this  data  base  by 
performing  smooth  and  notched  round  bar  tensile  tests  on  selected  batches  of  the  HY-130  steel 
plates  used  in  our  investigation.  We  then  fabricated  1/2-,  1/4-,  and  1/8-scaie  welded  T-joints  from 
HY-130  steel  plates  using  the  gas  tungsten  arc  welding  (GTAW)  process  and  100S  weld  wire 
(undermatched  welds). 

For  each  scale  we  measured  the  weld  beads  and  the  heat-affected  zone,  then  produced 
microhardness  maps  of  the  welded  joints  to  obtain  an  approximate  map  of  the  strength  variation 
throughout  the  joints. 

RESULTS 

The  literature  survey  demonstrated  that  in  the  whole  temperature  range  pertinent  to  the  full- 
scale  ring-stiffened  cylindrical  structures  (0°C  and  above),  fracture  of  HY-130  steel  and  most  likely 
the  weld  metals  occurs  on  the  upper  shelf  of  the  fracture-temperature  transition  curve.  Therefore, 
the  fracture  data  we  generated  at  room  temperature  during  the  present  investigation  are  also  relevant 
for  the  actual  full-scale  structures  in  service,  Moreover,  scanning  electron  microscopy 
observations  have  established  that  on  the  upper  shelf,  fracture  of  HY-130  steel  occurs  by  the 
nuclearion  and  growth  of  ductile  voids.  This  observation  justifies  using  a  strain-based  local 
fracture  criterion  when  modeling  the  weldment  fracture. 

Through  selected  smooth  and  notched  tensile  tests,  we  verified  that  published  constitutive 
data  and  failure  envelopes  that  cart  be  used  in  conjunction  with  a  strain-based  local  fracture  model 
for  HY-130  steel  arc  relevant  f  or  the  base  material  we  tested. 
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Macrographs  and  300g  diamond  pyramid  hardness  maps  for  three  scales  of  HY- 1 30 
steel/HY-100  GTAW  weldments  investigated. 
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Macrographs  of  the  cross  sections  of  1/2-,  1/4-,  and  1/8-scale  GTAW  weldments  fabricated 
at  SRI  are  shown  in  Figure  3  with  hardness  maps  of  the  weldment.  We  made  two  significant 
observations  during  the  weld  characterization: 

1 .  The  dimensions  of  the  various  parts  of  the  weldment-weld  metal  and  heat-affected 
zones-do  not  scale.  In  particular,  the  HAZ  width  remains  approximately  the  same  at 
all  scales. 

2.  The  region  of  the  heat-affected  2one  at  the  toe  of  the  weld  near  the  plate  surface  has 
the  greatest  hardness.  Although  some  variability  is  observed  from  scale  to  scale, 
weldments  of  the  three  scales  have  similar  HAZ  properties. 

These  two  observations  are  significant  for  modeling  the  weldments  and  for  understanding 
what  factors  control  where  fracture  begins. 


9/10 


NAVSWCTR  90-360 


STATIC  FRACTURE  EXPERIMENTS 


The  objective  of  the  static  fracture  experiments  was  to  derive  empirical  scaling  rules  for  the 
range  of  scales  from  1/2  to  1/8.  We  focused  primarily  on  the  conditions  controlling  the  initiation  of 
a  macrocrack  at  the  root  of  the  stiffener,  although  we  also  made  some  qualitative  observations  of 
macrocrack  propagation  into  the  specimen  plate. 

EXPERIMENTAL  METHOD 

The  configuration  for  the  static  bend  tests  is  illustrated  in  Figure  4.  A  T-shaped  specimen 
is  gripped  rigidly  at  the  top  of  the  stiffener  and  loaded  in  bending  by  loads  applied  symmetrically  at 
the  two  extremities  of  the  plate. 

Two  1/2-,  four  1/4-,  and  eight  1/8-scale  specimens  were  manufactured  from  HY-130  steel 
plates  and  tested  under  displacement-controlled  conditions  in  a  500-kN  servohydraulic  machine. 
The  dimensions  of  the  1/4-scale  specimen  are  indicated  in  Figure  4.  Dimensions  for  the  other  two 
specimen  sizes  are  scaled  geometrically,  except  for  the  widths,  which  are  tabulated  in  Figure  4. 

During  the  experiments,  we  recorded  the  load  applied  to  the  stiffener  and  the  displacement 
of  the  plate  extremities.  We  monitored  the  acoustic  emission  from  the  specimen  to  detect  fracture 
initiation.  Posttest  measurements  of  the  specimen  deformation,  with  kinematic  considerations, 
provided  another  method — termed  the  plastic  hinge  method — of  identifying  conditions  at  fracture 
initiation  (see  Appendix  B  for  more  details). 

The  acoustic  emission  and  plastic  hinge  methods  are  complementary;  the  former  detects  the 
onset  of  microscopic  fracture  (formation  of  microvoids),  whereas  the  latter  indicates  the  formation 
of  a  macroscopic  crack  that  significantly  influences  the  specimen's  deformation  response.  Because 
we  arc  interested  in  structural  rather  than  microstructural  failure,  we  adopted  the  plastic  hinge 
displacement  definition  of  crack  initiation. 

To  compare  the  results  of  the  static  fracture  experiments  for  specimens  of  different  scales, 
we  normalized  the  displacement  by  dividing  by  the  specimen  plate  thickness  H,  and  we  normalized 
the  load  by  multiplying  by  the  factor 
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Figure  4.  Configuration  for  static  fracture  experiments. 
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where  Oy  is  the  yield  stress  and  B  and  H  arc  the  plate  width  and  thickness,  respectively. 


RESULTS 

We  observed  the  same  fracture  morphology  in  all  static  fracture  experiments.  As  illustrated 
in  Figure  5,  a  crack  initiated  in  the  heat-affected  zone  of  the  specimen  plate  at  the  toe  of  the  weld 
and  propagated  through  the  HAZ  or  along  the  HAZ/base  metal  boundary,  then  abruptly  changed 
direction  to  propagate  across  the  specimen  plate.  We  established  that  the  change  in  propagation 
direction  is  associated  with  an  arrest  and  blunting  of  the  initial  crack.  In  all  but  one  experiment, 
crack  propagation  through  the  plate  was  stable. 

The  results  of  the  bend  experiments  are  summarized  in  Figure  6,  which  plots  the 
normalized  load-deflection  curve  of  the  specimens  with  the  largest  and  smallest  energy  absorption 
for  each  of  the  three  scales  investigated.  The  two  I/2-scale  experiments  produced  almost  identical 
results.  Also  plotted  in  Figure  6  are  the  ranges  of  displacement  at  which  macroscopic  crack 
extension  began. 

Figure  6  indicates  that  although  the  fully  plastic  load  for  the  1/8-  and  1/4-scale  specimens  is 
essentially  the  same,  that  for  the  1/2-scale  specimens  is  about  10  percent  smaller.  A  systematic 
evaluation  of  all  the  factors  that  could  affect  the  fully  plastic  load  suggests  (see  Appendix  B)  that 
the  observed  difference  probably  arises  mainly  from  scale-to-scale  variations  in  geometry  and 
relative  sizes,  and  in  yield  and  flow  strength  gradients  in  the  weldment  region.  This  conclusion 
will  need  confirmation  by  more  detailed  geometric  characterization  and  hardness  mapping  of 
selected  weldments. 

Figure  6  also  shows  significant  scatter  in  the  static  test  results,  particularly  in  terms  of  the 
displacement  at  the  initiation  of  macroscopic  crack  growth.  However,  if  average  values  of  the 
displacement  values  at  initiation  are  considered,  the  static  test  results  indicate  that  the  beginning  of 
macroscopic  crack  extension  at  the  toe  of  the  weld  occurs  at  approximately  the  same  scaled 
displacement 

The  static  fracture  experiments  demonstrate  that,  within  the  scattered  data  and  provided  that 
strength  differences  in  the  weldment  region  are  accounted  for  in  the  normalization  process,  fracture 
initiation  in  the  weldments  follows  replica  scaling. 
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Figure  5.  Cross  section  of  statically  fractured  specimens  showing  crack  path. 
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Tliis  conclusion  is  significant  for  extrapolating  small-scale  experimental  data  to  large-scale  welded 
structures  and  is  consistent  with  predictions  based  on  local  fracture  models. 

Estimates  based  on  the  experimental  load-displacernent  curves  of  the  plastic  energy 
dissipated  during  the  crack  initiation  and  propagation  phases  of  fracture  indicate  that  the  energy 
expended  to  propagate  the  crack  through  about  70  percent  of  the  plate  thickness  is  only  about 
20-25  percent  of  the  total  energy  dissipated  during  the  test.  Therefore,  although  theoretical 
considerations  suggest  that  there  will  always  be  non-replica  scaling  effects  in  the  crack  extension 
phase  of  fracture,  the  influence  of  those  effects  on  the  total  energy  dissipated  in  the  fr  acture  process 
is  slight  compared  with  the  scatter  in  the  experimental  data.  We  confirmed  this  conclusion  with  a 
J-based  elastoplastic  analysis  of  crack  growth  in  HY-130  steel  (see  Appendix  D). 

The  scatter  in  the  experimental  fracture  data  is  not  due  to  experimental  uncertainties,  nor  lo 
the  effect  of  residual  stresses  in  the  weldment,  because  the  large  plastic  strains  redistribute  and 
wipe  out  those  residual  stresses  long  before  the  onset  of  fracture.  Rather,  we  believe  the  scatter  in 
data  is  due  to  the  intrinsic  scatter  in  geometric  and  material  properties  of  the  weldments,  as 
suggested  by  finite  element  simulations.  More  work  will  be  needed  to  establish  the  origin  of  the 
scatter  with  any  certainty . 

In  summary,  the  static  fracture  of  1/8-,  1/4-,  and  1/2-scale  weldments  tested  in  this 
investigation  followed  replica  scaling.  We  suggest  two  approaches  to  account  for  the  observed 
small  differences  in  load  limits:  (1)  The  fully  plastic  load  fer  each  scale  could  be  measured 
directly,  because  the  required  experiments  would  be  relatively  easy  to  perform,  even  for  full-scale 
weldments;  and  (2)  the  load  Limits  could  be  determined  by  estimating  relative  size  differences  and 
strength  gradients  in  each  scale  of  weldment  using  macrographs  of  cross  sections  arid  detailed 
hardness  maps,  than  by  using  these  geometric  and  strength  distribution  data  in  numerical 
simulations  of  the  weldments  to  calculate  the  fully  plastic  load. 
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DYNAMIC  FRACTURE  EXPERIMENTS 

EXPERIMENTAL  PROCEDURE 

We  performed  dynamic  fracture  experiments  using  an  explosive  loading  technique  to 
produce  loading  rates  comparable  to  those  achieved  in  structures  loaded  by  underwater  explosions. 
The  specimen  for  the  dynamic  fracture  experiments  consisted  of  a  slotted  base  plate  with  two 
symmetrically  positioned  stiffeners,  as  shown  in  Figure  7.  Figure  7a  shows  the  1 /4-scale 
specimen,  whereas  Figure  7b  shows  the  specimen  dimensions.  The  schematic  of  the  loading 
arrangement  is  shown  in  Figure  8a;  the  actual  fixture  is  shown  in  Figure  8b. 

Each  stiffener  is  rigidly  bolted  to  an  independent  E-shaped  yoke;  the  specimen  plate  is 
bolted  to  a  steel  die,  which,  in  turn,  is  rigidly  attached  to  a  base  plate.  The  center  of  the  specimen 
plate  between  the  two  slots  is  loaded  with  strips  of  sheet  explosives  backed  by  blocks  of 
polymethylmethacrylate  (PMMA),  which  increase  the  impulse  delivered  to  the  plate  for  a  given 
explosive  sheet  thickness.  With  this  test  arrangement,  only  the  center  of  the  specimen  plate  is 
significantly  deformed  during  the  experiments,  whereas  die  portion  supported  by  the  die  acts  as  a 
reaction  frame,  inducing  membrane  stresses  in  the  plate.  We  constructed  fixtures  to  load 
specimens  corresponding  to  1/4-  and  1/8-scale  of  the  full  scale  structural  element. 

We  tested  six  1/4-  and  four  1/8-scale  specimens;  only  two  1/8-scale  specimens  yielded 
valid  fracture  results.  The  specimens  were  instrumented  with  contact  pins  to  measure  the 
deflection  velocity  of  the  plate's  center  line.  More  pins  were  placed  beneath  the  plate  at  the 
weldment  location  to  detect  the  instant  of  complete  fracture.  We  also  instrumented  selected  1/4- 
scale  experiments  with  strain  gages.  The  center  line  velocity  measurements  characterized  the 
impulse  delivered  to  the  specimen  and  were  used  as  input  for  numerical  simulations  of  the 
experiments. 

In  performing  the  explosive  experiments,  we  varied  the  explosive  thickness  and  hence  the 
total  impulse  imparted  to  the  specimen,  and  bracketed  the  conditions  for  starting  a  crack  in  the 
weldment  region  and  for  completely  propagating  it  through  the  specimen  plate.  Fracture  conditions 
were  assessed  in  terms  of  the  explosive  thickness  needed  and  the  specimen  center  deflection  at  the 
instant  of  crack  initiation  or  complete  propagation  through  the  plate.  We  first  bracketed  the 
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(a)  1  /4-Scale  specimen 


(b)  Dimensions  (in  mm)  of  1 /4-scale  specimen 


Figure  7.  Specimen  for  dynamic  fracture  experiments 


(b)  Specimen-fixture  assembly  for  1/4-scale  experiments 

RP-2612-8A 


Figure  8.  Loading  fixture  for  dynamic  fracture  experiments. 
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explosive  thicknesses  that  produced  incipient  and  complete  fracture  in  the  1/4-scale  specimens;  then 
we  scaled  those  conditions  geometrically  for  the  1/8-scale  experiments. 


RESULTS 

The  results  of  the  explosive  fracture  experiments  are  summarized  in  Figures  9  and  10  and 
Table  1.  Figure  9  plots  the  normalized  deflection  history  for  all  12  specimens  tested  and  represents 
their  structural  responses.  The  normalization  procedure  is  detailed  in  Appendix  C  and  accounts  for 
differences  in  specimen  scale,  material  properties,  explosive  thickness,  and  specific  energy. 

Figure  10  plots  the  normalized  deflection  of  the  specimens  reconstructed  from  posttest 
measurements  as  a  function  of  normalized  explosive  thickness.  Both  quantities  were  normalized 
by  the  specimen  plate  thickness.  Figure  10  also  indicates  domains  of  partial  or  complete  fracture 
and  thus  can  be  regarded  as  a  failure  map. 


TABLE  1. 

RESULTS  OF  DYNAMIC  FRACTURE  EXPERIMENTS 

NORMALIZED 

HY-130 

EXPLOSIVE 

INITIAL 

PLATE  CENTER 

EXPERIMENT 

THICKNESS 

EXPLOSIVE 

VELoerr 

DEFLECTION  "AT 

NO. 

(MM) 

TYPE 

Y  (M/S) 

FRACTURE" 

COMMENTS 

WE4-1 

2.87 

D 

226 

1.90 

Fracture  through  one  side 

3.05 

C 

only;  stiffener  broke  on  other 
side 

WE4-2 

1.08 

C 

115 

- 

No  fracture 

WE4-3 

1.63 

C 

142 

- 

No  fracture 

WE4-4 

2.54 

C 

187 

1.90 

Partial  fracture 

WE4-5 

2.54 

C 

192 

1.85 

Partial  fracture 

WE4-6 

2.98 

C 

216 

2.24 

Fracture  through  both  sides 

WE8-1 

1.36 

C 

211 

* 

No  fracture;  abnormal  plate 
anchoring  boll  deformation 

WE8-2 

1.65 

C 

235 

Incipient  fracture,  plate 
anchoring  bolt  fracture 

WE8-3 

1.65 

C 

234 

2.25 

Complete  fracture 

WE8-4 

1.36 

C 

227 

1.98 

Partial  fracture 

Figure  9  shows  that  the  responses  of  specimens  of  different  scales  are  appropriately 
normalized  because  they  reduce  to  the  same  curve  for  identical  initial  velocities.  Figure  9  also 
suggests  that  during  early  times  the  structural  response  of  the  specimen  is  the  same  for  all  initial 
velocities  and  scales.  At  later  times  there  appear  to  be  at  least  two  response  modes,  one  for  low 
(<  150  m/s)  and  one  for  high  (>  150  m/s)  initial  velocities.  More  work  is  needed  to  establish  the 
details  of  the  specimen  structural  response. 
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Finite  dement  simulations  show  good  agreement  between  the  experimental  and  the 
calculated  specimen  deflections,  thus  demonstrating  that  the  measurements  performed  provide 
enough  infotmation  for  faithful  simulations  of  the  experiments.  The  simulations  also  indicate 
strain  rates  in  the  weldment  region  on  the  order  of  several  thousands  per  second. 

In  all  the  specimens  in  which  fracture  was  induced,  the  morphology  of  fracture  and  the 
fracture  path  were  similar  to  those  observed  in  the  static  fracture  experiments.  This  observation, 
along  with  the  insensitivity  of  the  stress-strain  curve  to  the  loading  rate  (see  Appendix  A)  and  the 
estimates  of  the  strains  to  failure  obtained  fr  om  finite  element  simulations,  indicates  that  weldment 
failure  is  not  overly  rate-sensitive  for  the  range  of  strain  rates  investigated  and  that  the  same  local 
fracture  model  might  be  used  for  both  static  and  dynamic  fracture  experiments.  The  1/8-scale 
experiments,  in  which  the  data  from  two  specimens  were  invalidated  because  clamping  bolts 
yielded  extensively  or  fractured  prematurely,  showed  that  the  clamping  arrangement  has  a 
profound  effect  on  fracture  behavior. 

As  can  be  seen  in  Figure  10,  the  center  plate  deflection  at  which  incipient  fracture  was 
induced,  normalized  by  the  plate  thickness  of  the  specimen,  is  essentially  the  same  in  tire  1/4-  and 
the  1/8-scale  specimens.  A  similar  result  holds  true  for  the  normalized  center  plate  deflection 
needed  to  induce  complete  plate  fracture.  Moreover,  the  explosive  thickness  needed  to  produce 
these  deflections  also  scales  geometrically,  as  we  anticipated  from  dynamics  considerations. 

On  the  basis  of  the  preceding  (limited)  results,  we  conclude  that  in  first  approximation, 
fracture  of  explosively  loaded  HY-130  steel  weldments  follows  replica  scaling,  as  did  fracture 
under  quasi-static  loading  conditions.  However,  more  research  would  be  desirable  to  confirm  this 
conclusion,  because  these  experiments  indicate  a  certain  degree  of  scatter. 
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NORMALIZED  EXPLOSIVE  THICKNESS 

RA-2612-143 


Figure  10.  Fracture  envelope  for  HY-130  steel  weldments  established  on 
the  basis  of  the  dynamic  fracture  experiments. 

(Dashed  straight  line  represents  predicted  maximum  deflection  in  the 
absence  of  Lacture.) 
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MODELING  WELDMENT  FRACTURE 

OBJECTIVES  AND  MODELING  APPROACH 

The  objective  of  the  modeling  task  was  to  provide  both  an  understanding  of  the  specimen 
structural  response  in  the  static  and  dynamic  fracture  experiments  and  an  analytical  foundation  for 
the  empirical  scaling  rules  derived  from  the  experimental  result?. 

Our  approach  in  the  modeling  task  was  to  perform  finite  element  simulations  of  the  static 
and  dynamic  experiments  and  to  develop  a  fracture  model  for  the  weldment  combining  the  main 
geometric  and  strength  features  of  the  weldment  in  a  finite  element  formulation  with  a  strain  based 
local  fracture  criterion.  The  model  allows  the  prediction  of  fracture  initiation  in  weldments  without 
a  preexisting  crack  and  natural  crack  propagation  without  prescribing  a  priori  the  crack  path.  The 
model  also  contains  a  constant  characteristic  material  length  that  introduces  nonscaling  effects.  We 
complemented  this  modeling  work  by  performing  an  elastoplastic  analysis  of  crack  growth  in  HY- 
130  steel  bend  specimens  to  estimate  nonscaling  effects  associated  with  crack  growth. 

RESULTS 

Finite  Element  .Simulations  of  Static  Fracture  Experiments 

The  finite  element  simulations  of  the  static  fracture  experiments  showed  that  geometric 
softening,  associated  with  large  specimen  deformations,  dominates  most  deformation  of  the  HY- 
130  static  fracture  specimens.  This  geometric  softening  should  not  be  confused  with  softening 
introduced  by  macrocrack  nucleation,  which  occurred  only  in  the  last  phase  of  the  experiments. 

The  finite  element  simulations  also  showed  that,  as  we  anticipated  on  the  basis  of  the 
experimental  observations,  the  most  severe  straining  of  the  weldment — and,  for  that  matter,  of  the 
specimen — occurs  at  the  toe  of  the  weld  metal  bead,  in  the  HAZ,  Both  the  equivalent  plastic  strain 
and  the  stress  triaxiality  are  maximal  at  that  location. 

The  parametric  study,  in  which  we  varied  the  weldment  geometry  and  the  strength 
gradients  across  the  weldment,  revealed  that  variations  of  these  parameters  consistent  with  the 
results  of  the  weldment  characterization  task  can  result  in  significant  differences  of  25  percent  or 
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more  in  specimen  displacement  at  the  beginning  of  fracture.  This  result  provides  a  possible 
explanation  for  the  large  scatter  in  the  data  from  the  static  fracture  experiments. 

Finally,  good  agreement  of  the  calculated  and  experimental  load-deflection  curves 
demonstrates  that  a  two-dimensional  plane  strain  simulation  of  the  experiments  is  appropriate. 

Finite  Element  Simulations  of  Dynamic  Fracture  Experiments 

Analyzing  the  dynamic  fracture  experiments  demonstrated  that  the  simulation  method  gives 
a  good  approximation  of  the  actual  specimen  behavior  and  that  measuring  the  plate  center  velocity 
history  provides  adequate  experimental  input  for  the  simulations.  The  observed  differences  in  the 
calculated  and  measured  final  deformed  shape  may  be  due  to  differences  in  the  boundary 
conditions  of  the  simulations  and  the  experiments.  These  differences  could  be  minimized  by 
introducing  more  compliant  boundary  conditions  at  the  edge  of  the  plate  in  the  calculations  to  better 
simulate  the  actual  clamping  conditions. 

The  strain  rates  at  the  base  of  the  stiffener  calculated  in  the  simulations  are  high,  on  the 
order  of  several  thousands  per  second.  The  calculated  stress  and  strain  fields  indicate  that  in  spite 
of  the  difference  in  loading  mode  and  strain  rate,  fracture  in  the  dynamic  experiments  occurs  at 
strain  and  triaxiality  levels  consistent  with  those  in  the  static  experiments,  suggesting  that  a  strain- 
based  ductile  fracture  model  appropriate  for  the  static  fracture  experiments  may  also  be  applicable 
to  the  dynamic  experiments. 

Weldment  Fracture  Model 

The  weldment  fracture  model  consists  of  three  components,  as  illustrated  in  Figure  11: 

(1)  a  geometric  and  strength  model  of  the  weldment,  based  on  metallographic  observations  and 
hardness  measurements;  and  (2)  a  strain-based  fracture  criterion,  both  implemented  in  (3)  a  finite 
element  formulation.  The  fracture  criterion  is  the  simplest  form  of  a  ductile  fracture  criterion.  It 
assumes  that  failure  of  a  material  element  of  characteristic  size  F.M]C°ccurs  once  the  element  has 
accumulated  a  critical  plastic  strain,  a  function  of  the  state  of  stress  experienced  by  the  element 
during  straining.  Mathematically,  fracture  of  the  element  occurs  when 

D  -  j  — — - —  -  1  over  RMIC 
"  EcC^mcan/^cq) 

where  D  can  be  regarded  as  a.  normalized  damage  parameter,  is  the  equivalent  plastic  strain,  and 
EcCCtmcan/tTcq)  is  the  critical  failure  strain  for  a  given  strain  triaxiality  amCai\ATcq- 
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RM-2612-144 


Figure  1 1 .  Elements  of  the  HY-1 30  weldment  fracture  model. 
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Two  key  features  of  the  local  fracture  criterion  are  that  (1)  the  critical  failure  strain  is  a 
function  of  the  stress  triaxiaiity  that  can  be  measured  experimentally,  ard  (2)  the  criterion  contains 
a  non-scaling  material  parameter  RmiC  and  hence  implies  non-replica  scaling  effects  for  fracture. 

We  implemented  the  weldment  model  and  the  local  fracture  criterion  in  the  NDCE2D  finite 
element  code  and  performed  preliminary  simulations  of  a  1/4-scale  static  fracture  experiment. 
Figure  12a  shows  contours  of  the  elements  that  fully  cracked  at  an  applied  normalized  displacement 
of  4,  whereas  Figure  12b  compares  the  calculated  and  measured  load-displacement  curves.  The 
results  of  the  simulation  show  good  qualitative  agreement  with  the  experiment.  The  weldment 
fracture  model  correctly  predicts  the  location  of  crack  initiation.  The  overall  crack  path  in  the 
specimen  is  also  predicted  correctly,  although  details  are  somewhat  different  in  the  experiment  and 
the  simulation  (compare  Figures  5  and  12a). 

We  think  the  differences  in  the  crack  path  prediction  are  caused  by  the  somewhat  coarse 
mesh  used  in  the  simulation  and  by  tine  difference  in  boundary  conditions  in  the  simulation  and  in 
the  experiments  once  crack  extension  occurs.  The  model  predicts  a  displacement  at  which  the  HAZ 
is  completely  penetrated  by  the  crack,  which  agrees  well  with  dpn,  the  experimental  value  of  the 
displacement  at  the  initiation  of  a  macrocrack.  On  the  other  hand,  the  model  overpredicts  the 
fracture  resistance  of  the  weldment,  and  the  final  load  drop-off  occurs  later  in  the  simulation  than  in 
the  experiment .  We  believe  the  difference  is  due  to  the  limited  experimental  failure  data  used  to 
calibrate  the  model.  In  particular,  values  of  the  failure  strain  for  high  stress  triaxiaiity  (>i.5)  arc 
desirable.  The  mesh  size  used  in  the  simulation  also  influenced  the  results  by  artificially 
broadening  the  damage  zone. 

After  minor  modifications  to  the  failure  envelope  and  die  mesh  size,  the  model  will  be 
ready  for  a  detailed  investigation  of  fracture  in  specimens  of  different  scales.  By  varying  the 
boundary  and  geometric  conditions,  as  well  as  introducing  different  mechanical  and  fracture 
properties  for  the  weldment  regions  in  the  finite  element  simulations,  we  can  evaluate  the  effects  of 
experimental  conditions,  geometric  imperfections,  and  material  variability  on  fracture  behavior.  By 
simulating  the  fracture  of  weldments  of  different  scales  with  the  weldment  fracture  model,  we  can 
establish  fracture  scaling  rules  and  compare  them  with  the  experimentally  derived  rules.  We  can 
then  use  the  model  to  make  fracture  predictions  for  scales  not  experimentally  investigated,  and  we 
can  provide  a  theoretical  rationale  for  the  empirical  scaling  rules. 
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(mm) 

(a)  Contours  of  damage  greater  than  i  at  dNOF.M  ■  4 


NORMALIZED  DISPLACEMENT 

(b)  Comparison  of  simulated  and  experimental 
load-displacement  curves 


RA26U-145 


Figure  1 2.  Results  of  simulation  of  1/4-Scale  static  fracture  experiment 
using  HY-130  steel  weldment  fracture  model. 
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To  investigate  the  effect  of  different  welding  processes,  we  can  vary  the  weld  geometry  in 
the  finite  element  mesh  and  the  material  properties  in  the  local  fracture  model.  Finally,  using  the 
model  in  simulations  of  various  structural  configurations,  we  can  relate  structure  deformation  to  the 
fracture  processes  in  die  weldment  to  define  a  suitable  severity  parameter  for  use  in  the  statistical 
model  being  developed  by  NAVSWC. 


ELASTOPLASTIC  FRACTURE  ANALYSIS 

The  elastoplastic  fracture  analysis  of  crack  extension  in  HY-130  steel  three-point  bend 
specimens  showed  that  although  non-replica  scaling  effects  arise  during  crack  extension,  the 
differences  in  energy  dissipation  caused  by  the  nonscaling  are  only  a  percentage  point  or  so  of  the 
total  fracture  energy.  Similarly,  the  differences  in  displacement  are  also  only  a  few  percentage 
points  of  the  total  needed  to  begin  and  grow  the  crack.  These  differences  are  always  small 
compared  with  the  scatter  in  data,  and  hence  they  can  be  ignored. 
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CONCLUSIONS  AND  RFXOMMENDATIONS 


The  present  investigation  has  laid  the  groundwork  for  reaching  die  program  objectives 
stated  in  the  introduction  to  this  report,  hi  particular,  the  investigation  yielded  the  following  results 
and  conclusions: 

•  We  established  a  reliable  experimental  and  analytical  approach  to  evaluating  the  fracture 
of  welded  structures  of  different  sizes  and  extrapolating  results  from  small-scale 
experiments  to  large-scale  welded  structures.  This  approach  now  stands  ready  for 
application  to  weldments  in  other  metallic  alloys,  such  as  titanium  alloys. 

•  HY-130  steel  undermatched  (10GS  weld  wire)  welded  T-joints  of  1/8-,  1/4-,  and  1/2- 
scale  have  the  same  fracture  morphologies  when  loaded  statically.  Dynamic  loading  of 
1/8-  and  1/4-scale  specimens  also  produces  the  same  fracture  morphology  at  both  scales, 
similar  to  those  seen  with  static  loading. 

•  In  first  approximation  and  given  the  scatter  in  the  experimental  results,  crack  initiation 
and  propagation  in  undeimatched  HY-130  steel  welded  T-joints  follow  replica  scaling 
for  both  static  and  dynamic  loading. 

•  Experimental  results  suggest  that  differences  in  relative  size  and  in  strength  gradients  in 
weldments  of  different  sizes  could  introduce  nonreplica  scaling  of  the  fully  plastic  load 
for  the  weldment.  The  small  resulting  differences  can  be  accounted  for  by  detailed 
mapping  of  the  weldment  geometry  and  of  the  strength  gradient  (by  means  of 
macrographs  and  of  hardness  measurements)  or  by  direct  measurement  of  the  fully 
plastic  loads  for  simple  loading  configurations. 

•  Analyzing  of  the  crack  extension  phase  of  fracture  in  HY-130  steel  indicates  that  crack 
extension  does  not  strictly  follow  replic  a  scaling,  but  the  resulting  scale-to-scale 
differences  in  fracture  energy  are  slight  compared  with  the  total  energy  expended  to 
fracture  the  weldment  and  with  the  scatter  in  experimental  data. 

•  For  a  given  scale,  weldment- to- weldment  variations  in  weld  bead  geometry  can  induce 
significant  differences  in  weldment  deformation  at  the  onset  of  fracture  and  may  account 
for  some  of  the  scatter  in  the  experimental  data. 

r  A  weldment  fracture  model,  including  a  stress-modified  strain-based  fracture  criterion, 
allows  reliable  simulations  of  static  crack  initiation  and  propagation  in  HY-130  steel 
welded  T-joints.  The  model  can  be  used  to  extrapolate  scaling  rules  to  weldment  sizes 
not  tested  in  the  program,  to  assess  the  effect  of  geometric  and  strength  variability  on 
weldment  fracture,  and  to  define  simple  parameters  for  characterizing  fracture  in  the 
analysis  of  ring-s  tiffened  welded  structures. 
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To  provide  more  support  and  verification  for  the  results  and  conclusions  of  this  study,  we 
recommend  that  fuither  research  be  conducted  on  the  fracture  scaling  of  HY-130  steel  weldments. 
The  objectives  of  this  research  should  be  to  provide  reliable  ex  trapolation  of  the  empirical  scaling 
rules  to  larger  scale  weldments  and  to  estimate  more  accurately  the  magnitude  of  non-replica 
scaling  effects.  We  recommend  that  the  following  specific  tasks  be  undertaken: 

•  Analyze  a  full-scale  HY-130  steel  field  weldment  to  establish  the  geometry  of  the  various 
weldment  regions  and  to  map  out  the  strength  gradients.  These  data  will  then  be 
compared  with  those  generated  in  the  present  investigation  and  will  serve  as  input  in  the 
model  of  die  full-scale  weldment. 

•  Using  the  weldment  model  developed  under  the  curre  it  program,  simulate  the  fracture  of 
HY-1 30  steel  weldments  of  various  scales  to  extrapolate  the  empirical  scaling  rules  to 
larger  scales  and  to  provide  quantitative  estimates  of  non-replica  scaling  effects 
associated  with  crack  extension. 

•  Perform  other  dynamic  fracture  experiments  on  1/8-  and  possibly  1/2-scale  specimens  to 
augment  the  dynamic  fracture  data  base  and  to  define  more  precisely  the  conditions  for 
fracture  at  various  scales. 

•  Evaluate  the  suitability  of  the  weldment  fracture  model  for  predicting  fracture  under 
dynamic  loading  and  introduce  necessary  modifications  to  account  for  possible  loading 
rate  effects. 

The  experimental  tools  and  analytical  methods  described  in  this  report  have  applicability 
beyond  the  scope  of  the  fracture  scaling  behavior  of  welded  HY-130  steel  T-joints.  In  particular, 
we  believe  the  weldment  fracture  model  could  be  useful  in  optimizing  new  weld  designs  and 
welding  procedures  for  advanced  high-strength,  low-alloy  (HSLA)  steels  now  under  consideration 
by  the  United  States  Navy. 
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APPENDIX  A 

MATERIAL  PROPERTIES  OF  HY-130  STEEL  AND  ITS  WELDMENTS 

INTRODUCTION 

In  this  section  we  report  on  the  properties  of  HY-130  steel  and  its  weldments,  as  well  as 
some  of  the  characteristics  of  the  welds  tested  in  this  investigation.  The  properties  of  HY-130  steel 
were  obtained  from  a  survey  of  the  literature,  specification  sheets  provided  by  the  Naval  Surface 
Warfare  Center  (NAYSWC),  and  experiments  performed  in  the  course  of  the  investigation. 

The  objective  of  the  literature  search  was  to  gather  information  on  the  stress-strain  and 
fracture  behavior  of  HY-130  steel  as  a  function  of  the  loading  rate  and  temperature  in  support  of 
the  experiments  and  the  modeling  work  to  be  performed  in  the  investigation.  We  also  sought 
information  about  the  microstnictural,  mechanical,  and  fracture  behavior  of  HY-130  steel 
weldments  to  guide  the  design  and  interpretation  of  our  experiments. 

MATERIAL  PROCUREMENT 

The  material  for  this  research  program  was  supplied  to  SRI  by  NAVSWC  in  the  following 

form: 

•  Six  HY-130  steel  plates,  203  by  406  by  41  mm  (8  by  16  by  1.63  in.)  each. 

•  Six  HY-130  steel  plates,  406  by  762  by  12.7  mm  (16  by  30  by  0.5  in.)  each. 

•  Two  HY-130  steel  plates,  381  by  381  by  6.4  mm  (15  by  15  by  0  25  in.)  each. 

The  origin,  heat  treatment,  and  specifications  for  these  steel  plates  are  not  available,  but  we 
assume  they  meet  specifications  for  HY-130  steel  and  the  standard  Mil-S-23471A. 

NAVSWC  also  sent  SRI  one  30-lb.  spool  of  0.062-in.  100S  weld  wire  and  one  10-lb. 
spool  of  0.030-in.  100S  weld  wire  for  preparing  specimens  for  investigating  welded  T-joints,  aid 
two  plates  of  HY-130  steel,  381  by  762  by  50.8  mm  (15  by  30  by  2  in.)  produced  by  Lukens  Steel 
Co.  were  transferred  from  Mare  Island  Naval  Shipyard  to  SRI.  The  chemical  composition  of  these 
plates  is  given  in  Table  A-l,  and  their  mechanical  properties  are  summarized  in  Table  A-2. 
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TABLE  A-l.  COMPOSITION  OF  HY-130  STEEL  PLATES  PROCURED  FROM  LUKENS  STEEL 
CO.  (MELT  C6161,  SLAB  4C)  AND  SUPPLIED  BY  MARE  ISLAND  SHIPYARDS 

C  Mn  P _ S  Cu  Ni  Cr  Mo  V  Ti 

0.1  0.73  0.008  0.003  0.13  0.32  4.97  0.40  0.081  0.002 


TABLE  A-2.  MECHANICAL  PROPERTIES  OF  HY-130  STEEL  PLATES  PROCURED  FROM  LUKENS 
STEEL  CO.  (MELT  C6161,  SLAB  4C)  AND  SUPPLIED  BY  MARE  ISLAND  SHIPYARDS 


Yield 

Tensile 

Reduction 

Strength 

Strength 

Elongation 

of  Area 

21°C  CVN 

-18°C  CVN 

Orientation 

(MPa) 

(%  in  50  mm) 

. (%) 

(J) 

TX 

992 

1016 

16.0 

66.1 

124 

118 

BX 

986 

1022 

16.0 

64.8 

132 

126 

The  data  in  these  tables  were  assembled  from  the  Lukens  Test  Certificate  Sheets  and 
excerpts  from  a  report  forwarded  by  Mare  Island. 


MECHANICAL  PROPERTIES  OF  HY-130  STEEL 

In  this  section  we  compile  mechanical  properties  data  obtained  from  the  literature  and  from 
limited  testing  at  SRI.  For  most  of  the  references  reviewed,  the  chemical  composition  of  the 
material  tested  differed  only  marginally  from  the  composition  listed  in  Table  A-l.  However,  the 
heat  treatment  was  mentioned  in  only  three  reports, A-l-A-3  The  first  two  list  the  following  heat 
treatment: 

1 .  Heat  to  982°C;  water-quench. 

2.  Temper  1  hr  at  566°C;  water-quench. 

This  heat  treatment  results  in  a  Rockwcll-C  hardness  of  31  and  a  tempered  martensite 
microstructure  with  a  prior  austenite  average  grain  size  of  12.5  pm.  On  the  other  hand,  Joyce  and 
GudasA'3  quote  a  different  heat  treatment: 

1.  Hold  1.5  hr  at  830°C;  water-quench. 

2.  Temper  1.5  hr  at  630°C;  water-quench. 

More  information  on  heat-treatment  schedules  is  most  likely  available  from  the  literature, 
but  no  specific  search  was  undertaken  for  the  metallurgical  characteristics  of  HY-130  steel.  As  a 
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guide  to  evaluating  the  effects  of  variations  in  heat-treatment  schedules,  the  isothermal 
transformation  diagram  obtained  from  U  S.  Steel  data  sheets  A"4  is  reproduced  in  Figure  A-l. 

Data  from  Literature  Review 

Tensile  Data.  A  summary  of  static  tensile  data  compiled  from  the  literature  review  is  shown 
in  Table  A-3.  The  results  for  temperatures  ranging  from  -192°C  to  148°C  are  included.  Typical 
nominal  and  true  static  stress-strain  curves,  excerpted  from  U.S.  Steel  data  sheets, A*5  are  shown  in 
Figure  A-2. 

The  static  data  indicate  only  a  mild  hardening  for  HY-130  steel  but  a  strong  dependence  of 
the  yield  and  flow  strength  on  temperature,  Furthermore,  it  appears  that,  up  to  50  mm,  plate 
thickness  has  little  influence  on  achievable  strength  levels  and  ductilities. 

Dynamic  tensile  data  for  HY-130  steel  have  been  reported  by  others. A~6-A‘7  From 
Lindholm  and  Hargreaves  A6  the  results  of  tensile  experiments  performed  with  a  servohydraulic 
machine  at  strain  rates  of  0.03, 0.3, 2.5,  and  15  s’*  are  shown  in  Figure  A-3.  The  data  demon¬ 
strate  that  within  this  strain  rate  range,  HY-130  steel  displays  essentially  no  strain  rate  sensitivity. 


TABLE  A-3.  TENSILE  DATA  FOR  HY-130  STEEL  COMPILED  FROM  THE  LITERATURE 


Yield 

Strength 

Ultimate 

Strength 

(MPa) 

Elongation 

(%) 

Reduction 
of  Area 
(%) 

Temperature 

CO 

Plate 

Thickness 
(mm)  ( 

)rien!ationa 

Reference 

1241 

1307 

75.7 

51.0 

-192 

25.0 

1.2 

1040 

112) 

22.0 

58.1 

-120 

25.0 

1,2 

982 

1044 

21.1 

60.1 

-80 

25.0 

- 

1,2 

956 

1012 

21.3 

64.7 

-35 

25.0 

1,2 

898 

940 

27.0 

64.7 

20 

25.0 

1,2 

852 

910 

- 

- 

148 

25.0 

1,2 

937 

978 

21.0 

55.0 

20 

25.0 

3 

972 

1034 

19.0 

64.0 

20 

25.0 

3 

896-1034 

- 

14.0 

- 

20 

9.5-14.3 

. 

5 

896-999 

- 

15.0 

50.0 

20 

15.9-102 

5 

957 

1025 

20.3 

67.8 

20 

50.8 

L 

13 

959 

1026 

19.9 

66.4 

20 

50.8 

LT 

13 

885 

- 

- 

- 

20 

. 

LT 

8,  14 

885 

- 

- 

- 

20 

. 

ST 

8,  14 

965 

1089 

- 

. 

20 

• 

6 

909 

1240 

25.0 

69.0 

20 

25.0 

L 

7 

978 

1047 

19,0 

65.0 

20 

50.8 

L 

9 

*  L  =  Longitudinal,  rolling  direction. 

LT  =  Long  transverse,  perpendicular  to  rolling  direction  and  thickness  direction. 
ST  =  Short  transverse,  through  thickness  direction. 
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SOURCE:  U.S.  Steel  Corporation  (1968). 


RA-26 12-66 


Figure  A-1 .  Isothermal  transformation  diagram  for  HY-1 30  steel. 
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SOURCE:  U.S.  Steel  Corporation  (1968).  RA-2612-67 


Figure  A-2.  Typical  nominal  and  tme  static  stress-strain  curves  for  HY- 130  steel. 
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TENSILE  STRAIN  (%) 

SOURCE:  Undholm  and  Hirarny**  (1876)  RA-2612-68 


Figure  A-3.  Effect  of  strain  rate  on  the  nominal  tensile  stress-strain 
curve  for  HY-130  steel. 
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Conn  et  al.A*7  present  tensile  test  results  at  strain  rates  ranging  from  10' 3  to  10^  s'*. 

These  results  are  summarized  in  Figure  A-4.  Conn  et  al.  comment  that  the  dip  in  the  data  at  a  strain 
rate  of  10  is  an  artifact  associated  with  the  testing  and  data  reduction  procedure.  Figure  A-4 
demonstrates  that  the  stress-strain  behavior  of  HY-130  steel  is  not  sensitive  to  the  loading  rate,  at 
least  up  to  a  strain  rate  of  10^  s'*. 

Notched  Tensile  Test  Data.  Notched  tensile  data  are  pertinent  to  the  present  investigation 
because  the  notched  tensile  test  allows  us  to  investigate  the  dependence  on  stress  triaxiality  of  the 
effective  plastic  strain  at  fracture.  Knowledge  of  this  dependence  is  a  key  element  of  the  local  frac¬ 
ture  model  used  to  simulate  the  fracture  tests  on  HY-130  steel  welded  T-joints  (see  Appendix  D). 

Mackenzie  et  al.A'8  experimentally  determined  the  variation  of  the  effective  plastic  strain  at 
fracture  with  stress  triaxiality  for  HY-130  steel  specimens  oriented  in  the  long  transverse,  or  LT, 
and  the  short  transverse,  or  ST  directions.  Their  results  are  presented  in  Figures  A-5  and  A-6. 
Figure  A-5  plots  the  average  stress  in  the  cross  section  as  a  function  of  the  effec'ive  strain  and 
notch  geometry,  for  specimens  in  the  LT  and  ST  directions.  Figure  A-6  sho\  iow  the  effective 
plastic  strain  at  fracture  measured  in  the  experiments  varies  with  the  ratio  of  me«u  to  effective 
stress,  which  is  a  measure  of  stress  triaxiality.  The  data  presented  in  Figure  A-6  were  obtained  by 
applying  Bridgman's  analysisA_9  of  the  notched  bar  to  the  experimental  results. 

Figures  A-5  and  A-6  clearly  illustrate  the  strong  dependence  of  the  effective  plastic  strain  at 
fracture  on  the  mean  stress.  The  data  also  show  that,  for  HY-130  steel,  there  is  a  marked 
orientation  dependence  of  the  fracture  behavior. 

Fracture  Data.  The  lowest  assumed  service  temperature  for  HY-130  steel  is  0°C.  At  that 
temperature,  HY-130  steel  fractures  only  after  showing  significant  plastic  deformation.  Therefore, 
toughness  measurements,  which  are  useful  for  fracture  analysis,  must  be  performed  using 
elastoplastic  fracture  testing  techniques  and  must  be  expressed  in  terms  of  Jjc  (a  measure  of 

resistance  to  crack  initiation)  and  the  J-R  curve  (a  measure  of  the  resistance  to  crack  extension). 

Before  the  advent  of  elastoplastic  fracture  mechanics,  a  large  body  of  fracture  data  was 
developed  using  the  Charpy  impact  test  [Charpy  impact  energy  (CVN)j  and  the  dynamic  tear  test 
[dynamic  tear  energy  (DTE)].  Although  these  tests  do  not  yield  data  directly  applicable  to  fracture 
mechanics  analysis,  they  allow  determination  of  the  ductile  brittle  transition  temperature  and  are 
used  in  establishing  material  specification.  Empirical  correlations  have  also  been  established  to 
relate  CVN  and  DTE  to  the  fracture  toughness  Kjc  or  Jjc. 
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1  ksi  6.89  MPa 


STRAIN  RATE  (s'1) 

SOURCE:  Conn  at  al.  (1874).  RA-2612-69 

Figure  A-4.  Effect  of  strain  rate  on  the  true  flow  stress  for  HY-130  steel. 
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Pigore  A-5.  tried  ot  notch  acuity  on  the  stress-strain  curve  of  HY-130  steel. 
R  -  notch  root  radius;  &  -  net  section  radius. 
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EFFECTIVE  PLASTIC  STRAIN  TO  FAILURE  INITIATION  (ep) 

SOURCE.  Mackenzie  eta!.  (1i77).  RA-2612-71 


Figure  A-6.  Failure  strain  as  a  function  of  triaxiality  ratio  (mean  stress  over 
effective  stress  ratio)  for  HY-130  steel. 
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Hasson  and  Joyce'V’^"2  determined  the  variation  in  Jjc  for  HY-130  steel  as  a  function  of 
temperature  at  both  quasi-su.de  and  rapid-loading  .rates  (loading  time  to  crack  initiation  on  the  order 
of  several  milliseconds).  The  results  arc  shown  in  Figure  A-7  demonstrating  that  the  fast  loading 
rate  elevates  the  upper  shelf  of  HY-13C  stee  l  and  tends  to  sharpen  the  ductile- brittle  temperature 
transition.  In  terms  of  J{c,  HY-130  steel  is  well  on  the  upper  shelf  at  0 °C.  Tne  transition 

temperature  is  around  -100°C,  compared  with  approximately  -75°C  for  the  CVN  transition 
temperature. 

The  rocm-temperature  J-R  curve  for  I-IY  130  steel  was  measured  extensively  in  a  round- 
robin  progtam  organized  by  the  American  Society  for  Testing  and  Materials  (ASTM),a‘W 
Representative  results  for  tests  performed  with  compact  tension  specimens  are  plotted  in 
Figure  A-8  The  J  value  needed  to  produce  a  4-mm  crack  extension  is  about  three  times  the  Jjc 

value.  Room-temperature  J-R  curves  as  well  as  there  at  -80°,  -351 ,  and  150°C  are  also  available 
from  Joyce  and  Hasson. A'*  No  important  difference  is  observed  in  the  J-R  curves  at  temperatures 
between  -80°  aid  25°C,  whereas  heating  to  150°C  lowers  Jjc-  significantly  and  the  tearing  modulus 

slightly 

The,  influence  of  the  notch  root  acuity  cn  ductile  crack  initiation  and  extension  is  revealed 
by  the  J-R  curve  data  obtained  by  Joyce  and  Guchs,A  ^  shown  in  Figure  A-9.  Increasing  the  notch 
radius  from  a  fatigue  crack  to  0.05  mm  increases  the  initiation  value  of  J  by  a  factor  of  more  than 
4.  Furthei  increasing  the  root  radius  to  0.08  mm  increases  J  only  slightly.  In  contrast,  the  tearing 
resistance  of  the  fatigue  precracked  specimens  is  higher  than  that  of  the  specimens  with  blunt 
notches,  perhaps  because  the  crack  when  it  extends  from  a  blun:  notch,  propagates  into  a  material 
that  has  seen  more  extensive,  plastic  deformation  over  a  larger  region  and  hence  has  exhausted 
more  of  its  ductility. 

Barsom  and  Pellegrino^11  have  characterized  the  toughness  of  HY-130  steel  in  the 
temperature  range  between  -200°  and  -100°C  in  terms  of  tire  plane  strain  fracture  toughness  Kjc. 
in  this  range,  Kjc  varies  itionotonically  from  44  to  121  MPaVm.  The  same  investigators  also 
report  measurements  of  the  plane  strain  ductility  of  HY-130  steel. 

Hahn  and  KanninenA'12  published  a  compilation  of  dynamic  fracture  toughness  parameters 
for  IIY-130  .steel  that  include  data  for  Kjj  (dynamic  crack  initiation  toughness),  Kjm  (minimum 
dynamic  crack  propagation  toughness),  Kja  (crack  arrest  toughness),  CVN.  and  DTE  data. 

Typical  and  lower  limit  values  for  these  parameters  at  (FC  were  extracted  from  the  compiled  data 
and  are  listed  in  Table  A-4.  None  of  the  K-based  toughness  values  is  lower  than  i48  MPaVm. 
However,  most  of  the  K-based  data  were  not  measured  directly  but  were  estimated  from  CVN  and 
DTE  data,  using  empirical  correlations  not  verified  for  HY  T  0  steel. 
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TEMPERATURE  {°C) 

SOURCE:  i  'as son  and  -Joyce  {1981).  FiA  2612-72 


Figure  A-7.  Jic  as  a  function  of  temperature  and  loading  rate  for  HY-i  30  steel 
a  -  crack  length;  w  -  specimen  width. 
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SOURCE:  QucfetK  and  Davit;  (1832|.  RA-26U-73 


Figure  A-8.  Koprssentatlve  ^resistance  curves  for  HY-130  steel  obtained  with 
compact  tension  specimens. 
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CRACK  EXTENSION  (mm) 


SOURCE:  Joyo»  and  Gudaa  (1878).  RA-2612-74 

Figure  A-9.  Effect  cf  notch  root  radius  on  J-resistance  curve  of  HY-130  steel. 
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TABLE  A-4.  FRACTURE  PROPERTIES  OF  HY-130  STEEL 
(AFTER  HAHN  AND  KANNINENa'12) 


Toughness  Parameter 

Typical  Value 

Lower  Limit  Estimate 

Nil  ductility  temperature  (*C) 

-84 

-51 

Charpy  V-notch.  (J) 

108 

81 

5/8  in.  Dynamic  tear  energy  (J) 

746 

447 

Kjc,  based  on  DTE  (MPa  Vm1#) 

203 

149 

Kjd,  based  on  DTE  (MPa  Vm1/2) 

203 

£149 

Kim  (MPa  '/m1/2) 

252 

191 

SovakA'13  compared  the  CVN  toughness  of  HY-130  steel  measured  in  slow  bend  and 
impact  experiments  for  longitudinal  and  transverse  orientations.  The  results  are  shown  in  Fig¬ 
ure  A- 10  and  indicate  that  the  CVN  upper  shelf  is  significantly  higher  for  dynamic  than  for  static 
loading.  This  is  consistent  with  the  Jjc-transition  curves  of  Figure  A-7.  The  upper  shelf  values 

for  the  transverse  orientation  are  significantly  lower  than  those  for  the  longitudinal  orientation. 

Fractographic  Observations.  Observations  on  the  microscopic  mechanisms  of  fracture  HY- 
130  steel  were  reported  by  Barsom  and  Pellegrino^11  for  a  wide  range  of  temperatures.  Below 
-  140°C,  the  fracture  mechanism  is  primarily  cleavage.  Above  -100°C,  it  is  void  nucleation  growth 
and  coalescence.  In  the  transition  temperature  region,  both  mechanisms  coexist  and  the  proportion 
of  each  depends  on  the  loading  rate,  temperature,  and  state  of  stress. 

Hancock  and  MackenzieA'14  studied  the  mechanism  of  void  nucleation,  growth  and 
coalescence  for  fracture  planes  normal  to  the  long  and  the  short  transverse  directions.  In  the  long 
transverse  direction,  fracture  occurs  by  nucleation  of  voids  at  relatively  large  inclusions  (about 
5  pm).  These  voids  grow  more  or  less  uniformly,  leading  upon  coalescence  to  a  single  size 
distribution  of  cusps,  typically  10-20  pm,  on  the  fracture  surface. 

On  the  other  hand,  in  the  short  transverse  direction,  clusters  of  relatively  large  voids 
nucleate  at  inclusion  stringers  oriented  parallel  to  the  fracture  plane  by  the  rolling  process  and 
coalesce  to  form  microcracks  several  hundreds  of  micrometers  long  and  distributed  on  different 
parallel  planes.  The  microcracks  are  then  linked  by  shear  walls  produced  by  the  nucleation  and 
growth  of  much  smaller  voids  ( typically  2  pm  in  diameter). 
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Figure  A-1 0.  Static  and  dynamic  standard  CVN  energy  results 
for  HY-130  steel. 
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These  fractographic  observations  suggest  that  a  deformation-based  local  fracture  model, 
modified  to  account  for  die  influence  of  the  mean  stress  on  void  growth,  may  be  appropriate  in  a 
first  attempt  to  model  the  fracture  behavior  of  HY-130  steel  at  temperatures  above  0°C. 


To  evaluate  possible  piate-to-plate  differences  in  tire  mechanical  properties  of  HY 130  steel 
and  to  verify  that  the  mechanical  properties  data  from  die  literature  are  also  relevant  for  our 
material,  we  performed  two  unnotched  round  bar  tensile  tests  each  for  material  from  a  12.7-  and  a 
41.4-mm-thick  plate.  The  original  diameter  of  the  specimens  was  6.3  mm,  During  the 
experiments,  the  neck  diameter  was  measured  with  a  micrometer  at  regular  displacement 
increments  to  obtain  the  true  stress  beyond  the  point  of  maximum  load.  The  r.eck  curvature  was 
also  estimated  so  that  we  could  apply  the  Bridgman  stress  triaxiality  correction  to  the  stress  dr.ta. 

Besides  the  unnotched  tensile  bars,  we  also  tested  one  notched  round  tensile  bar  for  each  of 
the  plates  investigated.  The  purpose  of  these  tests  was  to  verify  that  the  fracture  strain  locus  in 
Figure  A-6  is  applicable  to  die  material  tested  in  this  investigation.  The  net  diameter,  2a,  of  the 
notch  was  4.8  mm,  and  the  notch  root  radius,  R,  was  2.4  mm,  yielding  an  a/R  ratio  of  1.  As  for 
the  unnotched  specimen,  the  reduction  in  the  notch  diameter  was  measured  with  a  micrometer  at 
regular  displacement  increments  during  the  test 

The  tensile  test  results  are  summarized  in  Table  A-5  and  Figure  A-l  i.  Table  A-5  lists  the 
engineering  tensile  data  and  the  corresponding  averages  for  each  of  die  four  unnotchcd  specimens 
tested.  The  average  yield  stress,  ultimate  stress,  total  elongation  and  reduction  of  area  are  930  and 
988,  and  22.1  and  70.1  percent,  respectively.  These  values  are  in  good  agreement  with  the  data 
listed  in  Table  A-3. 

The  true  stress  true  strain  curve  obtained  by  averaging  the  results  of  the  four  unnotched 
teusile  tests  is  shown  in  Figure  A-l  la  (curv'*  b).  An  estimate  of  the  Bridgman  correction  was 
applied  to  the  data,  and,  once  corrected  for  triaxiality,  the  stress-strain  curve  for  HY-130  steel 
shows  little  strain  hardening  (curve  c  in  Figure  A-ila).  The  influence  of  triaxiality  in  elevating  the 
average  stress  is  also  illustrated  by  the  results  of  the  notched  tensile  tests  (curve  a  in  Figure  A-l  la), 
which  show  a  40  percent  increase  in  the  average  yield  stress  over  the  unnotched  test  results. 
Conversely,  the  failure  strain  is  greatly  reduced,  dropping  from  about  1.1  for  the  unnotched  to 
about  0.3  for  the  notched  specimens.  Ifre  results  of  the  notched  tensile  bar  tests  for  the  two  plate 
thicknesses  tested  were  identical  to  within  the  experimental  uncertainty.  The  effective  fracture 
strain  measured  in  these  two  experiments  is  in  good  agreement  with  the  results  obtained  by 
Mackenzie  et  al.A"^  for  the  same  notch  geometry. 
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(a)  Average  stress-strain  curve  for  notched  and  unnotched  round  bars 


TRUE  STRAIN 

(b)  Magnified  part  of  individual  stress-strain  curves 

RA-2612-iS 


Figure  A- 11.  Tensile  test  results  for  l3-and4l-mrn  HY-130  steel  plates. 
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TABLE  A-5,  TENSILE  PROPERTIES  OF  HY-130  STEEL  MEASURED  AT  SRI 


Specimen 

No. 

Plate  Thickness 
(mm) 

Yield 

Strength 

(MPa) 

Ultimate 

Strength 

(MPa) 

Elongation 

(%) 

Reduction 

Area 

(%) 

1-1 

41.4 

916 

975 

21.7 

72.0 

1-2 

41.4 

909 

973 

- 

70.0 

1/2-1 

12.7 

949 

1004 

22.8 

69,5 

1/2-2 

12.7 

945 

998 

21.8 

69.0 

Average 

- 

930 

988 

22.1 

70.1 

Figure  A- 11  shows  a  magnified  portion  of  the  true  stress-true  strain  curve  up  to  the  point 
of  necking  for  all  four  specimens  tested.  Table  A-5  and  Figure  A-l  1  show  that,  although  the 
results  are  similar,  the  stress-strain  curve  for  the  41.4-mm  plate  is  about  3-4  percent  lower  than 
that  for  the  12.7-mm  plate. 

The  good  agreement  between  the  tensile  data  obtained  at  SRI  and  those  published  in  the 
literature  demonstrates  that  the  latter  data  can  be  used  confidently  in  analyzing  our  fracture 
experiments.  In  particular,  it  is  appropriate  to  incorporate  the  effective  fracture  strain  locus  of 
Figure  A-6  in  a  local  fracture  model  for  the  material  investigated  in  this  project  and  to  assume  that 
the  flow  properties  for  HY-130  steel  are  not  rate-sensitive  for  strain  rates  up  to  1000  s*1  or  so. 

PROPERTIES  OF  HY-130  STEEL  WELDS 

In  this  project,  we  tested  welded  T-joints  between  HY-130  steel  plate  and  a  HY-130  steel 
stiffener  half  as  thick  as  the  plate.  The  welds  were  undermatched  (i.e.,  they  were  produced  with 
weld  wire  of  a  lesser  strength  [100S  weld  wire,  690  MPa  yield  strength]  than  the  base  metal).  In 
preparing  for  the  fracture  experiments,  we  surveyed  the  literature  to  obtain  as  much  information  as 
possible  about  welded  HY-130  steel  joints  and  their  mechanical  behavior.  We  also  produced  trial 
1/8-,  1/4-,  and  1/2-scale  welds  and  characterized  them  in  terms  of  the  ir  geometry  and  hardness. 
The  results  of  the  literature  survey  and  the  weld  characterization  investigation  are  presented  below. 

Data  from  Literature. Review 

No  information  was  found  in  the  literature  on  the  mechanical  properties  and  microstructures 
of  undermatched  HY-130  steel  base  metal  HY-100  steel  weld  metal  welded  joints.  However, 
papers  on  HY-130  and  HY-100  weldments  provided  relevant  data  for  the  present  investigation. 
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Stoop  and  MetzbowerA'15  investigated  butt  welds  in  6.35-  and  12.7-mm-thick  HY-130 
steel  plates  produced  by  four  different  welding  processes:  shielded  metal  arc  welding  (SMAW), 
gas  metal  arc  welding  (CMAW),  electron  beam  welding  (EBW),  and  laser  beam  welding  (LBW). 
Their  paper  provides  information  about  hew  welds  produced  by  the  same  process  are  affected  by 
the  weld  scale.  Furthermore,  for  a  given  weldment  size  it  indicates  how  the  weld  properties  are 
affected  by  the  welding  process. 

Common  features  are  observed  for  all  four  weld  processes  and  for  both  weld  scales. 
Hardness  profiles  through  the  weld  joint  indicate  that  the  hardness  value  is  always  greatest  near  the 
boundary  between  the  heat-affected  zone  (HAZ)  and  the  base  metal  (BM).  The  microstructure  of 
the  HAZ  is  also  finer  near  the  HAZ/BM  boundary  and  becomes  coarser  toward  the  weld  metal 
(WMJ/HAZ  interface. 

The  width  of  the  HAZ  is  more  or  less  constant  for  a  given  welding  process,  independent  of 
the  weldment  scale.  For  SMAW  and  GMAW,  the  two  processes  most  pertinent  to  our  study,  the 
HAZ  width  is  on  the  order  of  4-6  mm.  The  microstructure  of  the  HAZ  near  the  WM/HAZ 
interface  is  a  coarse  bainite  microstructure  for  the  SMAW  weldment  and  a  coarse  bainite  with  some 
acicular  ferrite  for  the  GMAW  weldment.  Near  the  HAZ/BM  interface,  the  HAZ  microstructure  is 
a  fine  autotempered  martensite  with  some  ferrite  for  both  weldment  types.  For  the  6.35-mm-thick 
weldments,  the  average  hardness  of  the  SMAW  HAZ  is  37.5  HRC,  whereas  for  the  GMAW  HAZ, 
it  is  40.5  HRC.  For  the  12.7-mm-thick  weldments,  the  average  HAZ  hardness  is  somewhat  less 
and  equal  to  33  HRC  for  both  welding  processes. 

The  fracture  behavior  of  the  weld  joints  was  characterized  by  performing  dynamic  tear 
tests.  When  the  dynamic  tear  energy  values  normalized  by  the  two  plate  thicknesses  are  compared 
for  SMAW  and  GMAW,  it  appears  that  the  6.35-mm-thick  welds  have  a  somewhat  better  fracture 
resistance  than  the  12.7-mm-thick  welds. 

More  information  on  the  effect  of  weldment  thickness  is  provided  by  a  study  of  50-mm- 
thickGMAW  weldments  of  HY-130  steel  by  Challenger  etal.A4  6  They  investigated  the  effect  of 
heat  cycling,  which  occurs  in  large  multiple  bead  weldments,  on  the  hardness  and  microstructure 
of  the  HAZ  at  several  locations.  For  each  location  along  the  HAZ  of  the  multipass  weldment,  two 
regions  with  distinctly  different  hardness  values  were  found.  The  HAZ  width  at  the  interface 
between  the  BM  and  the  weld  bead  was  3-5  mm.  This  observation,  along  with  the  data  from 
Stoop  and  Metzbower,^^  demonstrates  that  the  size  of  the  HAZ  does  not  scale  but  rather  tends  to 
remain  constant  in  welds  of  different  scales. 

The  characterization  of  the  HAZ  near  the  final  weld  pass  on  the  joint  surface  is  especially 
pertinent  to  this  investigation.  Two  regions  with  different  hardness  values  are  found  in  the  HAZ. 
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A  region  about  2  mm  wide  near  the  base  metal  shows  the  highest  hardness  value  (410  HV).  A 
softer  region  (390  HV)  exists  from  the  fusion  line  to  about  2  mm  into  the  HAZ.  The  HAZ 
immediately  adjacent  to  the  BM  is  very  soft  (270  HV).  The  hard  region  of  the  HAZ  consists  of 
fine  lath  martensite,  whereas  a  mixture  of  coarse  lath  bainite  and  fine  lath  martensite  dominates  in 
the  soft  region.  The  fusion  zone  microstructure  of  SMAW  and  GMAW  was  also  characterized  by 
Chen  et  al  AT7,A-18  They  found  that  the  microstructure  was  dependent  on  the  welding  process, 
bead  size,  heat  input,  preheat  temperature,  and  base  metal  thickness. 

Hasson  et  alA19  have  investigated  the  fracture  behavior  of  HY-130  welds  produced  by  the 
gas  tungsten  arc  welding  (GTAW)  and  the  GMAW  processes,  they  also  investigated,  for  a  given 
process,  the  influence  of  varying  the  welding  heat  input.  The  fracture  resistance  of  the  weld  metal 
in  38-mm-thick  weldments  was  characterized  in  terms  of  the  J-R  curve.  The  results  of  their 
experiments  are  summarized  in  Figure  A- 12.  The  welding  process,  as  well  as  the  heat  input, 
significantly  affects  the  fracture  behavior  of  the  weld  metal.  GTAW  welds  are  much  tougher  than 
GMAW  welds.  Lowering  the  heat  input  increases  the  toughness  of  GTAW  welds,  whereas  it 
reduces  that  of  GMAW  welds.  J-R  curves  for  HY-130  steel  welds  were  also  obtained  by 
Read.A-20  The  results  are  shown  in  Figure  A-13  and  demonstrate  the  considerable  scatter  that  may 
prevail  when  performing  fracture  tests  on  welds. 

Hahn  and  KanninenA'1?-  give  estimates  of  the  dynamic  fracture  properties  of  HY-130 
weldments.  These  estimates  are  listed  in  Table  A-6.  One  important  conclusion  drawn  from  these 
estimates  is  that  the  transition  temperature  for  weldments  may  be  significantly  higher  than  that  for 
the  base  metal.  On  the  basis  of  lower-limit  50-mm  DT  data,  Hahn  and  Kanninen  indicate  that  the 
lowest  assumed  service  temperature  of  0°C  may  be  in  the  fracture  transition  range  for  HY-130  steel 
weldments. 


TABLE  A-6.  FRACTURE  PROPERTIES  OF  MIL- 1405  GMA, 
HY-130  WELD  METAL 


Toughness  Parameter 

Typical  Value 

Lower  Bound  Esiimate 

Nil  ductility  temperature  (*C) 

-79 

-51 

5/8-in.  Dynamic  tear  energy  (J) 

746 

461 

K[c,  based  on  DTE  (MPa 

192 

154 

Ki(j,  based  on  DTE  (MPa 

192 

154 

Kim  (MPa  Vm^) 

242 

191 
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SOURCE:  Hasson  etal.  (1904).  RA-2612-76 


Figure  A-12.  Dependence  of  HY-130  weld  metal  J-resistance  curve  on 
welding  process  and  heat  input. 
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Figure  A-13.  Matter  in  J  resistance  curve  data  for  three  nominally  identical 
GMAW  HY-130  weldments. 
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Finally,  Deb  ct  al.A‘21  investigated  HY-100  weldments  produced  by  the  submerged  arc 
welding  (SAW)  and  the  GMAW  processes.  Their  study  showed  a  significantly  lower  haidness 
value  in  the  SAW  than  in  the  GMAW  weldment.  'ITie  CVN  transition  temperature  of  the  SAW 
weldment  was  also  about  50°C  higher  than  that  for  the  GMAW  weldment,  bur  both  were  on  the 
CVN  upper  shelf  at  0°C.  The  differences  in  properties  in  the  SAW  and  GMAW  processes  were 
explained  by  differences  in  microstructure  and  inclusion  content  of  the  weld  beads. 

Characterizing  Trial  Welds  at  SRI 

We  undertook  an  investigation  of  the  welding  procedure  and  resulting  weld  properties  for 
three  sizes  of  T-welds,  corresponding  to  1/2-,  1/4- ,  and  f,/8- scale  welded  models.  The  plate 
thicknesses  were  6.35,  12.7,  and  25.4  mm.  whereas  the  stiffener  thicknesses  were  3.17,  6.35, 
and  12.7  mm  for  the  1/8-,  1/4-,  and  1/2-scale  welds,  respectively.  Trial  welds  were  first  produced 
using  the  GMAW  process;  however,  for  better  control  of  the  weld  quality  and  geometry,  wc 
switched  to.  the  GTAW  process  for  later  trial  welds  and  all  the  test  specimen  welds. 

The  welds  were  produced  using  100S  weld  wire;  Table  A-7  lists  the  welding  conditions  for 
the  trial  welds. 


TABLE  A-7.  WELDING  CONDITIONS  FOR  TRIAL  HY-130  STEEL  WELDS  (100S  WEL  D  WIRE) 

GTAW  PROCESS 


Specimen  Scale 


1/8 


1/4 


1/2 


Weld  wire  diameter 

0.75  mm 

1.5  mm 

1.5  mm 

Amperage 

i 00- 120  A 

100-12C  A 

100-120  A 

Voltage 

20-28  V 

20-28  V 

20-28  V 

Protective  environment 

Asgon 

Argon 

Argon 

Preheat  temperature 

90-100’C 

90-100’C 

90-100’C 

Interpass  temperature 

90-150'C 

90-150’C 

90-150’C 

Number  of  passes 

2  each  side 

3  each  side 

9  each  side 

Weld  Geometry  and  Hardness  Maps.  Macrographs  of  the  1/8-,  1/4-,  and  1/2-, scale  trial 
welds  arc  shown  in  Figure  A-14,  with  corresponding  hardness  maps.  These  macrographs  dearly 
indicate  the  boundaries  between  base  metal,  heal  affected  zone,  and  weld  metal.  It  is  apparent  that 
the  weldments  are  asymmetrical,  with  the  side  that  was  welded  first  displaying  larger  WM  and 
heat-affected  zones.  The  asymmetry  decreases  with  increasing  weldment  scale.  All  the  trial  welds 
displayed  some  lack  of  penetration  at  the  center.  Sealer  passes  were  later  used  to  ensure  full 
penetration  when  fracture  specimens  were  welded.  Figure  A-14  also  illustrates  the  important 
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Figure  A-14  Macrographs  and  300g  diamond  pyramid  hardness  maps  for  three  scales  of 
HY-130  steel/HY- 100  GTAW  weldments  investigated. 
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stiffener  distortion  that  can  result  from  the  welding  process;  distortions  are  in  turn  associated  with 
residual  stresses  that  may  affect  the  weldment's  fracture  behavior. 

Hardness  maps  for  the  three  trial  weldments  are  shown  in  Figure  A- 14,  whereas  more 
detailed  hardness  profiles  across  the  HAZ  near  the  surface  are  shown  in  Figure  A-16.  the 
hardness  numbers  represent  the  300-g  diamond  pyramid  hardness  number,  in  Figure  A- 14  the 
numbers  in  parenthesis  are  estimates  of  the  yield  stress  obtained  from  lhe  hardness  reading. 

Overall,  the  hardness  maps  are  similar  for  all  three  weldment  scales.  In  particular,  the 
highest  hardness  value  is  always  achieved  in  the  plate  HAZ.  However,  some  differences  car?  also 
be  observed.  The  hardness  map  for  the  1/8-scale  weldment  is  asymmetrical,  with  the  side  welded 
first  having  higher  hardness  values  (in  corresponding  /..ones)  than  the  side  welded  second.  In 
contrast,  the  hardness  maps  for  the  1/4-  and  1/2-scab  weldments  are  essentially  symmetrical. 
Furthermore,  the  hardness  values  for  WM  and  HAZ  are  significantly  higher  in  the,  1/8 -scale  than  in 
the  other  two  weldments.  These  observations  can  be  explained  by  the  differences  in  thermal 
histories  experienced  by  the  weldments  because  of  the  difference  in  the  number  of  weld  beads  for 
each  scale. 

The  hardness  profiles  through  the  plate  HAZ  (Figure  A-15)  indicate  that  the  hard  .ess  is 
maximal  near  the  HAZ/BM  interface,  as  previously  noted  in  the  literature.  Die  1/4-scale  weldment 
is  the  exception  and  presents  a  more  uniform  hardness  across  the  HAZ. 

The  micrographs  in  Figure  A-15  provide  an  indication  of  the  land  of  geometric  defect  that 
may  be  encountered  in  the  weldment  (e.g.,  the  ripples  at  the  edge  of  the  1/4-scale  weldment  could 
become  crack  initiation  sites).  The  geometry  of  the  three  welds  was  quantified,  and  the  results  are 
presented  in  Figure  A- 16.  The  measurements  demonstiatc  that  the  overall  size  of  the  weldments 
does  not  scale;  die  1/2-scale  welded  joint  is  proportionally  smaller  than  die  1/8-  and  1/4-scale 
joints.  More  important,  the  size  of  the  HAZ  does  not  scale  but  remains  more  or  less  constant. 

This  observation  agrees  with  the  data  gathered  from  the  literature  survey  aid  is  an  important 
element  in  constructing  a  fracture  model  of  the  weldment. 

Although  it  is  possible  to  enlarge  the  1/2-scale  weldment  to  enforce  scaling,  we  decided  to 
maintain  the  sizes  shown  in  Figure  A- 16  because  a  1/8-scde  weldment  geometrically  scaled  to  a 
1/2-scale  model  would  result  in  an  unrealistically  large  weldment  compared  with  actual  field  welds. 
This  geometric  difference  will  be  implicitly  reflected  in  the  fracture  scaling  role. 
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igure  A-15.  Details  of  the  weldment  microstructure  and  hardness  profile  near  the  piate  surface 
for  trial  HY-130  steel/HY-100  GTAW  weldments  (continued). 
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Figure  A-15.  Details  of  the  weldment  microstructure  and  hardness  profile  near  the  plate  surface 
for  trial  HY-130  steel/HY-100  GTAW  weldments  (concluded) 
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1 /2-Scale  Weldment 

RA-2612-81 

Figure  A-16.  Comparison  of  dimensions  for  three  scales  of  trial 
HY-130  steel/HY-100  GTAW  Weldments. 
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DISCUSSION  AND  CONCLUSIONS 

The  literature  survey  and  the  characterization  at  SRI  of  HY- 130  steel  weldments  have 
provided  a  large  body  of  information  applicable  to  designing  fracture  experiments  on  those 
weldments,  preparing  welded  fracture  specimens,  analyzing  of  fracture  test  results,  deriving  of 
scaling  rules  for  fracture  of  welded  T-joints,  and  modeling  the  joints. 

From  this  information,  we  can  dtaw  the  following  conclusions: 

•  The  tensile  properties  of  HY- 130  steel  for  a  variety  of  plate  thicknesses,  orientations, 
and  presumably  heat  treatments  vary  by  no  more  titan  about  15  percent.  Tensile 
properties  for  two  plates  used  in  this  program  are  within  3  percent  of  each  other  and  fall 
close  to  the  average  of  the  data  published  in  the  literature.  Therefore,  we  feel  justified  in 
drawing  from  the  literature  data,  when  appropriate,  for  the  present  research. 

•  The  failure  strain  data  developed  from  notched  tensile  tests  for  two  of  the  plates  used  in 
this  program  are  consistent  with  a  failure  strain  locus  as  a  function  of  mean  stress 
published  in  the  literature.  Therefore,  this  failure  strain  locus  can  be  used  confidently  in 
modeling  fracture  of  the  welded  T-joints. 

•  The  dimensions  of  the  various  metallurgical  regions  of  a  weldment  do  not  scale 
geometrically  when  plate  and  stiffener  thicknesses  are  scaled.  In  particular,  the  size  of 
the  HAZ  remains  more  or  less  constant,  on  the  order  of  2-4  mm. 

•  The  hardness  value  of  the  weldment  is  highest  in  the  HAZ,  independent  of  the  weldment 
scale.  Within  the  HAZ,  the  hardness  value  is  often  highest  near  the  HAZ/BM  interface. 
This  finding  and  the  previous  conclusion  are  significant  because  they  suggest  that  for  the 
loading  conditions  pertinent  to  this  investigation,  fracture  will  always  begin  in  the  HAZ. 
These  findings  further  suggest  that  for  purposes  of  fracture  analysis,  the  weldment  can 
be  modeled  as  a  brittle  layer  of  constant  thickness  equal  to  that  of  the  HAZ.  This  point  is 
addressed  in  more  detail  in  Appendix  D. 

•  The  welding  process  significantly  affects  the  fracture  toughness  of  the  weld  metal,  as 
well  as  the  microstructure  and  hardness  of  the  HAZ.  These  influences  will  need  to  be 
taken  into  consideration  when  extrapolating  the  results  of  this  investigation  to  large 
structures  welded  by  different  processes. 
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APPENDIX  B 

STATIC  FRACTURE  EXPERIMENTS 


INTRODUCTION 

The  objectives  of  the  static  fracture  experiments  were  to  derive  empirical  fracture  scaling 
rules  for  HY- 130  steel  weldments  loaded  quasi-statically  and  to  establish  the  morphology  of  the 
fracture.  In  this  appendix  we  describe  the  test  geometry  and  procedure  for  the  static  fracture 
experiments,  report  the  test  results,  and  discuss  the  fracture  scaling  rule  inferred  from  those 
results. 

EXPERIMENTAL  PROCEDURES 

Experimental  J^nfiguratiQn  and  Specimen  Geomesy 

The  configuration  for  the  static  fracture  experiments  is  illustrated  in  Figure  B- 1.  A  T- 
shaped  specimen  is  gripped  rigidly  at  the  top  of  the  stiffener  and  loaded  in  bending  symmetrically 
at  the  two  extremities  of  the  plate.  Two  1/2- ,  four  1/4-,  and  eight  1/8-scale  specimens  were 
manufactured  from  41.4- ,  12.7-,  and  6.35-mm-thick  HY-130  steel  plates.  The  dimensions  of  the 
specimens  can  be  inferred  from  Figure  B-l,  and  a  series  of  untested  specimens  is  shown  in  Fig¬ 
ure  B-2.  Because  of  material  availability  and  limitations  in  the  loading  capability  of  our  mechanical 
testing  system,  width  B  of  the  specimens  was  not  scaled  exactly  (50,8,  88.9,  and  152.4  mm  for 
1/8-,  1/4-,  and  1/2-scale,  respectively).  The  specimens  were  gas  tungsten  arc-welded  (GTAW) 
using  1.63-mm-diameter  100S  weld  wire  and  the  welding  parameters  given  in  Table  B-l. 

The  static  fracture  experiments  were  performed  under  displacement  control  in  a  500- kN 
servohydraulic  machine  using  a  specially  designed  test  fixture.  Figure  B-3  shows  the  test 
arrangement  for  a  1/2-scale  specimen.  Similar  arrangements-with  the  fixtures  suspended  at  the  set 
of  holes  shown  at  the  center  of  the  triangular  plate  in  Figure  B-3- were  used  when  testing  the  1/4- 
and  1/8-scale  specimens. 
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Figure  B-1 .  Configuration  ior  static  fracture  experiments. 
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IB-3 


Figure  B-2.  i/8-,  1/4-,  and  1/2-Scale  HY-130  steel  static  fracture  specimens  instrumented 

with  strain  gages. 
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TABLE  B-l.  WELDING  CONDITIONS  FOR  STATIC  FRACTURE  SPECIMENS 

(100S  WELD  WIRE.) 


Specimen  Scale 

1/8 

1/4  _ 

1/2 

Weld  wire  diameter 

1.5  mm 

1.5  mm 

1.5  mm 

Amperage 

150-160  A 

150-165  A 

190-200  A 

Voltage 

18-19  V 

18-20  V 

26-28  V 

Protective  environment 

Argon 

Argon 

Argon 

Preheat  temperature 

65 ‘C 

69-95‘C 

95‘C 

Iriterpass  temperature 

65-120‘C 

65-120‘C 

95-120*C 

Number  of  passes 

1  Sealer  + 

2  each  side 

Spec.  0:  1  sealer  + 

5  each  side 

Sdcc  1:  1  sealer  + 

3  each  side 

Specs.  2  +  3:  1  sealer  + 

4  each  side 

1  Sealer  + 
8  each  side 

insftnmsniarion 

During  each  static  fracture  experiment,  we  measured  the  applied  load,  the  machine  ram 
displacement,  and  the  specimen  center  line  deflection  using  a  linearly  variable  differential 
transformer  (LVDT)  mounted  between  the  specimen  stiffener  and  the  loading  frame  (Figure  B-3) 
We  also  performed  acoustic  emission  measurements  to  detect  the  point  of  crack  initiation.  One 
specimen  of  each  scale  was  instrumented  with  strain  gages  to  verify  the  uniformity  of  bending 
strains  across  the  specimen  plate  arid  to  assess  the  effect  of  welding  distortions.  The  locations  of 
the  strain  gages  are  shown  in  Figure  B-2.  One  gage  was  mounted  on  each  side  of  the  specimen 
stiffener  to  measure  its  tensile  and  bending  deformation;  three  gages  were  mounted  longitudinally 
on  the  specimen  plate,  one  at  the  center  and  two  at  the  edges,  to  measure  the  bending  strains;  and  a 
fourth  gage  was  mounted  in  the  width  direction  at  the  center  of  the  specimen  plate  to  measure  the 
transverse  strain.  The  gages  were  mounted  at  analogous  locations  (i.e.,  scaled  locations  in  each 
soecimen  scale).  The  sizes  of  the  stiffener  gages  and  the  two  longitudinal  g'lges  at  the  plate  edge 
were  scaled  with  the  specimen  size.  The  transverse  and  longitudinal  gages  at  the  plate  center  were 
the  same  size  for  all  experiments.  The  welding  distortion  of  the  specimen  was  assessed 
semiquantitatively  before  each  experiment  by  tracing  the  specimen  contour. 
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The  objective  of  the  static  fracture  experiments  was  to  establish  the  load  and  load-deflection 
point  at  which  fracture  occurred  in  the  three  specimen  sizes.  For  reasons  that  will  become  obvious 
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later,  we  focused  our  study  on  crack  initiation.  Therefore,  an  important  aspect  of  the  experiments 
was  the  detection  of  fracture  onset  in  the  welded  joint.  As  discussed  below,  fracture  always  began 
on  either  side  of  the  stiffener  in  the  heat-affected  zone  of  the  specimen  plate  and  the  crack 
propagated  through  the  plate,  more  or  less  parallel  to  the  short  transverse  direction  (Figures  B-4 
and  3-15).  We  applied  two  complementary  methods  to  identify  fracture  initiation. 

In  the  first  method  we  monitored  the  change  in  the  acoustic  emission  signal  as  a  function  of 
applied  specimen  displacement.  The  second  method  is  illustrated  in  Figure  B-4  and  relies  on 
posttest  measurements  of  the  deformed  specimen  shape.  Before  crack  initiation,  the  specimen 
deformation  was  symmetrical  with  respect  to  the  stiffener  plane.  However,  once  fracture  began  on 
one  side  of  the  weldment,  deformation  of  the  opposite  side  stopped  and  all  specimen  deformation 
was  concentrated  in  the  region  of  the  crack.  The  angle  ciphp  on  the  uncracked  side  at  the  end  of 
the  experiment  represents  the  specimen's  plastic  deformation  to  the  point  of  crack  initiation.  If  the 
specimen  elastic  compliance  Csp  is  known  (from  load-displacement  measurement  during  the 
experiment),  the  total  deflection  at  crack  initiation,  henceforth  termed  plastic  hinge  displacement 
dppp  can  then  easily  be  estimated  from  posttest  specimen  deformation  measurements  using  simple 

geometric  considerations: 

dpH  =  dpHP  +  dpHE  =  S/2  sin(apHp)  +  Csp  FPh  (B- 1) 

where  dpup  and  dpHE  are  the  plastic  and  elastic  components  of  the  plastic  hinge  displacement, 
respectively,  and  Fpn  is  the  load  at  the  onset  of  fracture.  Because,  as  will  be  shown  below, 
fracture  began  well  after  a  fuliy  plastic  hinge  developed  at  the  toe  of  the  weldment,  Fpn  can  be 
approximated  by  the  maximum  load  (or  fully  plastic  load)  measured  during  the  experiment. 
Alternatively,  we  can  use  an  iterative  process,  dpn  is  estimated  first  using  the  yield  load;  then  the 
corresponding  Fpn  is  obtained  from  the  load  displacement  curve,  and  dpn  is  recalculated.  The 
process  is  repeated  until  an  acceptable  convergence  is  reached. 

The  asymmetrical  nature  of  the  deformation  beyond  the  point  of  crack  initiation  makes  it 
difficult  to  interpret  the  load  displacement  records  or  to  use  unloading  compliance  methods  to 
monitor  crack  extension,  which  is  why  we  focused  on  crack  initiation  for  the  static  experiments. 

We  monitored  the  load  and  the  displacement  during  crack  propagation  only  to  obtain  the  total 
energy  and  plastic  energy  inputs  for  extending  the  crack  to  the  Final  arrested  length. 
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To  compare  the  experimental  results  for  the  various  specimen  scales,  we  normalized  them 
as  follows.  The  load  data  were  multiplied  by  the  factor 


aload  - 


S 

0Y  B  H2 


(B-2) 


where  S  is  the  specimen  span  between  supports,  cy  is  the  yield  strength,  B  is  the  specimen  width, 
and  H  is  the  specimen  thickness  (Figure  B-l).  The  specimen  displacement  data  were  normalized 
simply  by  dividing  by  the  specimen  thickness  H.  The  energy  inputs  were  normalized  by  the  factor 

<Wgl'  =  a~BHJ  <B'3) 

After  the  experiments,  selected  specimens  were  cross-sectioned,  polished,  and  etched  for 
metallographic  observations.  The  crack  path  and  final  crack  length  wen;  determined  from  these 
observations. 


EXPERIMENTAL  RESULTS 

Loati-JQisplacement  Curves 

The  normalized  load-displacement  curves  for  all  14  experiments  arc  shown  in  Figures  B-5 
through  B-7.  In  the  1/2-scale  test,  HY-130  WSTB2-1,  the  loading  fixture  interfered  with  the 
specimen  deflection  toward  die  end  of  the  experiment,  slightly  reducing  the  effective  span  of  the 
specimen  and  causing  an  upward  inflection  in  that  part  of  the  load-displacement  curve  immediately 
preceding  the  load  drop  associated  with  fracture  (Figure  B-7a).During  all  the  experiments,  the 
onset  of  fracture  was  clearly  detectable  with  acoustic  emission.  A  typical  acoustic  emission  record 
(the  voltage  proportional  to  the  event  count  during  a  sampling  time)  is  shown  in  Figure  B-8 
superimposed  on  the  corresponding  load-displacement  record  for  the  corresponding  1/4-scale 
experiment  Early  in  the  experiment,  a  relatively  high  acoustic  emission  was  recorded  because  the 
specimen  was  positioning  itself  in  the  loading  fixture.  A  long  quiet  period  followed  the  initial 
noisy  phase.  Finally,  crack  initiation  and  extension  were  associated  with  a  sudden  sustained  burst 
of  the  acoustic  emission  signal.  The  displacement  corresponding  to  crack  initiation,  as  indicated  by 
the  acoustic  emission  signal,  dAE.  was  obtained  for  each  experiment  from  a  plot  similar  to  that  in 
Figure  B-8.  We  also  determined  the  displacement  at  initiation,  dpH,  as  indicated  by  the  plastic 
hinge  displacement  method. 
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Figure  B-5.  Load  deflection  curves  for  l/8-$ca!e  experiments. 


B-9 


NORMALIZED  LOAD  NORMALIZED  LOAD 


NAVSWCTR  90-360 


NORMALIZED  DISPLACEMENT 

RA-2612-84 


Figure  B-5.  Load  deflection  curves  for  1/8-scale  experiments  (continued). 
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Figure  B-5.  Load  deflection  curves  for  1/8-sdale  experiments  (continued) 
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Figure  B-5. 
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Figure  B-6.  Load  deflection  curves  for  1/4  scale  experiments. 
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Figure  B-7.  Load  deflection  curves  for  1  /2-scale  experiments 
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Figure  B-8.  Acoustic  emission  record  as  a  function  of  specimen 
displacement  superimposed  on  the  corresponding 
load-displacement  curve  to  indicate  point  of  crack 
Initiation  dAE  (1/4-scale  experiment). 
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The  correlation  between  ihr:  diepfrcemonts  at  fracture  initiation  detemiined  by  acoustic 
emission,  dAE,  and  by  the  plastic  hinge  displacement  method,  dPH,  is  shown  in  Figure  B-9  for  the 
three  scales  studied.  Figure  B-9  indicates  that  acoustic  emission  always  detects  the  onset  of 
fracture  earlier  (i.e.,  at  smaller  imposed  specimen  displacements)  than  the  plastic  hinge 
displacement  methcd.  in  later  discussions,  the  dpn  value  will  be  used  as  the  displacement  value  at 
crack  initiation.  In  Figures  B-5  through  B-7,  we  indicate  dpH  by  a  vertical  dashed  line  and  dAE  by 
a  vertical  arrow. 

In  all  the  experiments,  die  load  increased  to  a  maximum  value  and  then  gradually  decreased 
with  deformation  until  dpH  was  reached.  Beyond  dPH  the  decrease  in  load  or  softening, 
accelerated  rapidly  as  the  crack  propagated  into  the  plate.  The  initial  softening  from  the  point  of 
maximum  load  to  dpn  was  not  related  to  fracture  but  rather  was  caused  by  the  specimen's  great 
deformation  and  the  resulting  shift  in  its  point  of  contact  with  the  rollers.  This  geometric  softening 
mechanism  was  demonstrated  by  finite  clement  analysis  (see  Appendix  D). 

The  results  of  the  static  fracture  experiments  are  compared  in  Figure  B-10,  which  plots  the 
normalized  load  deflection  curve  of  the  specimens  with  the  largest  and  smallest  energy  absorption 
for  each  of  the  three  scales.  Also  plotted  in  Figure  B-10  are  the  average  displacements  dPn  at 
which  macroscopic  crack  extension  began  for  each  specimen  scale,  along  wifh  the  range  of  scatter 
in  the  experimental  data. 

Seven  of  the  eight  1/8-scale  experiments  vrere  spread  between  the  two  left  1/8-scale  curves 
in  Figure  B-9.  One  1/8-scale  specimen  fractured  at  a  much  larger  displacement  than  in  all  the  other 
experiments  (HY-130  WSTB8-1).  Therefore,  the  load-deflection  curve  from  that  experiment 
represents  the  reference  load-displacement  curve  for  an  unfractured  specimen  with  which  all  the 
other  load-deflection  curves  can  be  compared.  The  displacement  at  which  the  load-displacement 
curve  begins  to  deviate  from  the  reference  curve  is  then  another  indication  of  the  displacement  at 
crack  initiation.  Estimates  of  tire  point  of  crack  initiation  based  on  this  third  method  agree  well 
with  the  predictions  of  the  plastic  hinge  method. 

In  the  four  1/4-scale  expeoments,  two  tests  generated  almost  identical  load-deflection 
curves  with  low  displacement  at  crack  initiation,  and  the  other  two  tests  had  almost  identical  curves 
with  high  displacement.  These  two  extremes  are  indicated  in  Figure  B-10,  The  two  1/2-scale 
experiments  produced  almost  identical  results  (except  for  the  specimen-fixture  interference  in  one 
test),  so  only  one  curve  is  shown. 
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Figure  B-9.  Plot  o!  dAE  versus  dpn- 
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Figure  B-10.  Summary  and  comparison  of  results  of  the  static  fracture  experiments. 
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From  Figures  B-5  through  B-7  and  B-10,  we  observed  that  in  all  the  experiments  fracture 
began  well  into  the  fully  plastic  domain.  The  average  displacements  at  fracture  initiation  for  each 
of  the  three  scales  are  similar,  and  the  differences  are  well  within  the  observed  scatter.  Fig¬ 
ure  B-10  also  reveals  some  differences  in  the  overall  shape  of  the  normalized  load-displacement 
curves.  This  is  particularly  true  for  the  1/2-scale  curve,  which  falls  10  percent  below  the  1/4-  and 
1/8-scale  curves.  This  difference  in  limit  load  is  surprising,  because  from  continuum  mechanics 
considerations  we  expect  the  load-deflection  curve  for  geometrically  scaled  specimens  also  to  scale 
geometrically.  Comparing  the  normalized  elastic  stiffnesses  for  the  three  specimen  scales 
[normalized  by  4EB(H/S)3],  we  also  notice  that  the  1/2-scale  specimens  are  significantly  less  stiff 
(up  to  1 6%)  than  the  specimens  of  the  other  two  scales.  Again,  this  observation  is  contrary  to  the 
anticipated  scaling  behavior. 

Plastig-Ensigy  Dissipation 

The  normalized  plastic  energy  dissipated  during  the  static  experiments  is  plotted  in  Fig¬ 
ure  B-l  1  for  the  three  scales  tested.  It  increases  almost  linearly  with  applied  displacement  to  the 
point  of  crack  initiation.  The  differences  in  slope  among  the  three  scales  are  due  to  differences  in 
the  limit  load  values  discussed  above.  The  observed  differences  in  the  displacements  at  crack 
initiation  result  in  somewhat  more  important  differences  in  the  energy  dissipation,  on  the  order  of 
25  percent  of  the  total  energy  dissipated.  However,  these  differences  are  of  the  same  magnitude  as 
the  scatter  for  the  1/8-  and  1/4-scale  experiments. 

We  also  evaluated  the  plastic  energy  dissipated  during  crack  extension.  Without  reliable 
crack  growth  measurements,  we  evaluated  the  energy  dissipated  from  the  point  of  crack  initiation 
to  the  point  where  the  applied  load  was  reduced  by  crack  growth  to  a  normalized  value  of  0.5 
under  fixed  displacement  conditions.  For  all  three  scales,  the  normalized  energy  dissipation  during 
the  crack  growth  phase  defined  above  was  about  0.8-1,  which  represents  about  20-25  percent  of 
the  total  energy  dissipated  during  the  test. 

Strain  Distributions 

The  strain  measurements  in  the  stiffener  for  each  specimen  scale  are  shown  in  Figure  B  12 
as  a  function  of  the  normalized  specimen  displacement.  This  figure  plots  the  average  of  the  sum  of 
the  strains  on  opposite  sides  of  the  stiffener,  which  represents  the  tensile  strain  (and  is  proportional 
to  the  applied  load),  and  the  difference,  which  represents  the  bending  strain.  As  expected,  the 
tensile  strains  are  consistent  with  the  load  measurement  and  show  similar  differences  in  the 
maximum  amplitude  as  a  function  of  specimen  scale. 
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Figure  B-1 1 .  Normalized  plastic  energy  dissipation  in  static  fracture  experiments. 
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Figure  B-12.  Stiffener  tensile  and  bending  strains. 
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Figure  B-12  also  shows  that  significant  bending  strains  developed  in  the  stiffener  and 
varied  nonlinearly  with  displacement  during  most  of  the  experiments.  Ihe  variation  in  bending 
strain  was  quite  different  in  the  three  specimen  scales  during  most  of  the  experiment  but  showed  a 
similar  rapid  increase  toward  the  end.  We  believe  that  the  bending  of  the  stiffener  was  a 
consequence  of  the  small  specimen  warpage,  which  caused  the  specimen  to  rotate  around  the 
weldment  axis.  The  great  increase  in  stiffener  bending  strain  at  the  end  of  the  test  was  associated 
with  fracture  initiation,  and  the  displacement  at  which  it  started,  agrees  very  well  with  the  plastic 
hinge  displacement. 

Longitudinal  strain  measurements  across  the  plate  widdi  demonstrate  that,  despite  specimen 
warpage,  the  plate  bending  was  uniform.  This  uniformity  is  illustrated  in  Figure  B-13,  which 
plots  for  each  specimen  scale  tire  two  strain  measurements  showing  the  greatest  difference  as  a 
function  of  normalized  specimen  displacement.  Here  again,  the  displacement  at  vhich  the 
longitudinal  bending  strain  in  the  plate  reached  a  maximum  agrees  very  well  with  the  plastic  hinge 
displacement,  giving  us  confidence  in  our  ability  to  detect  crack  initiation. 

The  transverse  strain  measurements  at  the  mid- width  position  on  the  top  of  the  specimen 
plate  are  shown  in  Figure  B-14,  which  indicates  that  although  a  state  of  plane  strain  might  be 
anticipated  at  that  location,  significant  transverse  compressive  strains  were  nevertheless  induced 
during  the  experiment.  Figure  B-14  also  shows  that  the  transverse  strain  increased  with  increasing 
specimen  scale.  Transverse  strains  resulted  from  the  rotation  around  the  longitudinal  direction  of 
planes  normal  to  the  plate  width  direction.  This  rotation  was  induced  by  the  great  bending  strains 
in  the  longitudinal  direction.  Therefore,  strictly  plane  strain  conditions  are  neve*"  achieved  at  the 
top  of  the  specimen  plate,  although  they  may  still  prevail  on  average  across  the  plate  thickness. 
Indeed,  finite  element  simulations,  (see  Appendix  D)  demonstrate  that  the  load-deflection  curve, 
calculated  on  the  assumption  of  plane  strain  conditions,  accurately  predicts  the  experimentally 
measured  curve. 

Etnciipgraphic  Qbsg,~:*yoaa 

Figure  B-15  shows  cross  sections  through  fractured  weldments  of  1/8-,  1/4-,  and  1/2- 
scale,  respectively.  The  overall  appearance  and  crack  shapes  are  similar  for  all  three  scales.  A 
crack  begins  in  the  HAZ.  After  a  few  millimeters  of  extension,  the  propagation  path  changes  nuher 
abruptly  and  the  crack  extends  farther  in  a  direction  more  or  less  parallel  to  die  plate  normal.  More 
detaileu  observations  reveal  scale-dependent  differences  in  the  crack  initiation  sites  in  the  HAZ.  hi 
the  1/8-scale  specimens,  cracks  began  at  the  toe  of  the  weld  metal  and  cut  across  tire  HAZ  before 
tuning  into  the  bast:  metal  of  the  specimen  plate  (Figure  B-15a).  In  the  1/2-scale  specimen,  cracks 
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Figure  B-i;;.  Plate  longitudinal  bending  strains. 
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15.  Cross  section  of  statically  fractured  specimens  showing  crack  path. 
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began  at  the  HAZ/base  metal  interface  at  the  top  of  the  specimen  plate  (Figure  B-15b);  they 
propagated  along  the  interface  for  a  few  millimeters  and  then  also  turned  into  the  base  metal.  In  the 
1/4-scale  specimens,  both  types  of  initiation  sites  were  observed,  alternating  for  collinear  crack 
segments  along  the  specimen  width. 

A  reconstruction  of  the  crack  profiles  using  metallographic  cross  sections  indicates  that 
after  propagating  across  the  HAZ  or  along  the  HAZ/base  metal  boundary,  the  first  crack  stopped 
and  blunted  before  restarting  and  propagating  into  the  base  metal.  This  behavior  is  illustrated  in 
Figure  B-16,  where  the  crack  shown  in  the  cross  section  of  Figure  11-  16a  has  been  partly  closed  in 
Figure  B  16b  to  reveal  the  blunting  that  occurred  at  the  HAZ/base  metal  inteiface. 

In  the  1/8-scale  specimens,  the  amount  of  blunting,  as  measured  by  the  crack  opening 
displacement,  appears  to  correlate  with  the  plastic  hinge  displacement  dp^  Cl  able  B-2).  fhis 
correlation  suggests  that  the  scatter  in  the  fracture  initiation  results  may  be  due  to  variations  in  the 
HAZ  properties.  Unfortunately,  a  similar  correlation  does  not  extend  to  the  other  specimen  scales, 
and  no  clear-cut  conclusion  can  be  drawn  from  these  data  at  present.  Nevertheless,  the  data  in 
Table  B-2  may  prove  useful  in  assessing  the  fracture  resistance  of  the  HAZ/base  metal  interface  to 
provide  input  for  the  weldment  fracture  model. 


TABLE  B-2.  CRACK  OPENING  DISPLACEMENT  DATA  FOR  ARRESTED  CRACK 
AT  HAZ/BM  INTERFACE 


Crack  Opening  Displacement, 

0.1  mm  Behind  Crack  Tip  •  formalized  Plastic  Hinge 

Specimen  HY-130  No. _ (urn) _ Displacement 


WSTB8-1 

210-220 

3.86 

WSTB8-2 

125 

2  95 

WSTB8-4 

60-70 

?.M 

WSTB8-8 

<10 

2.52 

WSTB4-0 

200 

2.68 

WSTB4-2 

60-70 

3.31 

WSTB2-2 

460470 

2.46 

DISCUSSION 

Before  discussing  the  scaling  rule  for  the  fracture  of  HY-130  steel  weldments  suggested  by 
the  results  of  the  static  fracture  experiments,  we  will  focus  or.  fo.tr  individual  aspects  of  the  results 
and  their  impact  on  our  overall  conclusions:  (1)  detecting  crack  initiation,  (2)  die  effect  of  warpage 
and  the  implication  of  the  strain  measurement  results,  (3'  die  discrepancy  in  the  fully  plastic  load 
values,  and  (4)  the  scatter  in  the  data. 
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the  crack  tip  and  crack  opening  displacement. 


NAVSWC  TR  90-360 


Detecting  Crack  Initiation 

We  used  two  methods  to  establish  fracture  initiation  in  the  experiments:  acoustic  emission 
measurements  and  the  plastic  hinge  displacement  method.  Figure  B-9  indicates  that  acoustic 
emission  always  detects  the  onset  of  fracture  earlier  than  the  plastic  hinge  displacement  method. 
This  finding  is  not  surprising,  because  acoustic  emission  records  the  stress  waves  emitted  by  the 
formation  of  individual  microfractures,  whereas  the  plastic  hinge  displacement  is  associated  with 
the  formation  of  a  macroscopic  crack  on  one  side  of  the  weld  joint,  which  results  in  termination  cf 
the  deformation  on  the  other  side.  Therefore,  we  interpret  the  acoustic  emission  signal  as 
indicative  of  the  onset  of  microscopic  fracture,  whereas  plastic  hinge  displacement  indicates  the 
onset  of  macroscopic  fracture  associated  with  measurable  reductions  in  structural  stiffness. 

Because  we  are  concerned  w’th  structural  rather  than  microstructural  failure,  we  adopted  the  plastic 
hinge  displacement  definition  of  crack  initiation. 

The  consistency  of  the  correlation  between  the  acoustic  emission  and  plastic  hinge 
displacement  methods  demonstrates  that  we  have  a  good  method  of  identifying  fracture  initiation  in 
our  experiments.  Another  verification  of  the  method  is  provided  by  the  measurements  of  strains 
from  the  instrumented  specimens.  In  a  previous  section  we  showed  that  characteristic  changes  in 
the  strain  records,  which  can  be  explained  in  terms  of  the  effect  of  crack  initiation,  occur  at  a 
displacement  that  is  in  good  agreement  with  dpH-  Comparing  the  normalized  load-displacement 
curves  with  the  reference  curve  obtained  from  experiment  HY-130  WSTB8-1  provides  a  third 
verification.  Here  again,  the  displacement  at  which  the  load-displacement  curve  begins  to  deviate 
from  the  reference  curve  is  in  good  agreement  with  dpp. 

By  comparing  dpn  with  displacement  values  obtained  by  the  strain  or  reference  curve  meth¬ 
od,  we  estimate  that  die  uncertainty  in  the  normalized  displacement  at  the  point  of  fracture  initiation 
is  approximately  ±  0.15,  or  ±  5  percent.  Therefore,  we  conclude  that  our  determination  of  the 
point  of  fraemre  initiation  is  reliable.  The  uncertainty  is  much  smaller  than  the  scatter  in  the  data. 

E£fecl.tff.St>cdnier,  Warp  age  and  Implications  of  Strain  Measurement  Results 

The  longitudinal  strain  measurements  performed  on  three  specimen  plates  (Figure  B-13) 
indicate  that  specimen  warpage  does  not  significantly  affect  the  uniformity  of  the  bending  moment 
across  the  specimen  plate.  On  the  other  hand,  we  measured  bending  strains  in  the  stiffener  that 
suggested  some  asymmetry  in  the  specimen  loading.  An  estimate,  based  on  the  measured  bending 
strains,  indicates  that  the  moment  in  the  stiffener  never  exceeds  about  1  percent  of  the  total  moment 
applied  to  the  weldment.  Therefore,  slight  asymmetry  in  loading,  which  may  be  caused  by 
specimen  warpage  or  asymmetry  in  the  weld  geometry  or  the  loading  fixture,  does  not  significantly 
influence  the  results. 
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The  transverse  strain  measurements  (Figure  B-14)  demonstrate  that,  despite  the  great  width 
of  our  specimens,  a  state  of  plane  strain  was  not  achieved  at  the  top  surface  of  the  specimen  plate. 
As  might  be  expected,  comparing  the  1/8-,  1/4-,  and  1/2-scale  data  shows  that  the  transverse 
strains  were  reduced  by  a  (relative)  increase  in  specimen  thickness.  The  lack  of  plane  strain 
conditions  in  the  specimen  may  somewhat  impair  our  ability  to  model  the  weldment  fracture. 
However,  the  strain  measurements  were  performed  about  halfway  between  the  weldment  and  the 
load  application  point;  the  weldment  region  was  significantly  more  constrained  because  of  the 
stiffener.  Therefore,  we  expect  a  state  of  stress  closer  to  plane  strain  at  the  fracture  initiation  point 
than  at  the  location  of  the  transverse  strain  gage. 

Discrepancy  in  Stiffness  and  Fully  Plastic  Load  Values 

Figure  B-10  indicates  a  significant  difference  falling  below  a  reasonable  scatter  range  in  the 
elastic  stiffness,  the  yield  load,  and  the  fully  plastic  load  for  the  1/2-scale  specimens  compared  with 
loads  for  the  other  two  scales.  This  difference  is  disturbing,  because  from  condnuum  mechanics 
considerations  we  expect  identical  normalized  load-displacement  curves  from  geometrically  scaled 
specimens. 

Comparing  the  longitudinal  strains  measured  on  the  plate  surface,  which  are  a  direct 
measure  of  the  plastic  hinge  moment,  indicates  that  the  difference  in  fully  plasi  ic  load  measured  by 
the  load  cell  reflects  an  actual  difference  in  the  plastic  hinge  moment  and  is  not  due  to  geometric 
effects  introduced,  say,  by  differences  in  the  sizes  of  loading  fixtures.  Effects  associated  with 
nongeometric  scaling  of  the  specimens  and  differences  in  the  flow  properties  of  the  material  used  to 
fabricate  the  various  specimen  sizes  may  explain  the  differences  in  plastic  hinge  moment. 

Geometric  effects  may  also  explain  the  difference  in  normalized  stiffness. 

In  characterizing  the  weldments,  we  noticed  that  the  1/2-scale  weldment  was  relatively 
smaller  than  the  others  (see  Appendix  A).  From  statics  considerations  we  estimated  that  this  size 
difference  could  result  in  a  decrease  in  stiffness  and  fully  plastic  load  of  up  to  4  percent.  However, 
finite  element  simulations  of  the  size  differences  reported  in  Appendix  D  did  not  reveal  appreciable 
differences  in  yield  and  fully  plastic  loads.  Another  more  important  parameter  not  scaled  was  the 
specimen  width.  As  we  mentioned  above,  the  width  has  a  marked  influence  on  the  transverse 
strain  measured  on  the  specimen,  suggesting  a  loss  of  constraint  as  the  relative  width  of  the 
specimen  is  decreased. 

Because  a  loss  of  constraint  is  also  associated  with  a  reduction  in  the  fully  plastic  load,  the 
thickness  differences  could  explain  the  observed  fully  plastic  load  differences.  Departure  of  the 
experimental  conditions  from  the  plane  strain  assumption  could  also  explain  the  observed 
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difference  in  normalized  elastic  stiffness.  However,  finite  clement  simulations  indicate  that  the 
load-deflection  curve  calculated  using  a  plane  strain  assumption  accurately  predicts  the  1/8-  and 
1,4-scale  load-deflection  curves.  Furthermore,  if  the  thickness  differences  influenced  the  stiffness 
and  the  fully  plastic  load,  we  would  anticipate  a  consistent  ranking  of  the  normalized  stiffness  arid 
fully  plastic  load  level  in  the  1/2-,  1/4  -,  and  1/8-scale  specimens  (the  relative  width  of  the  plate 
steadily  decreased  with  specimen  scale  in  our  experiments),  but  no  such  ranking  was  actually 
observed.  The  1/4-scale  tests  had  the  highest  normalized  stiffness  and  fully  plastic  load,  and  the 
1/2-scale  tests  had  the  lowest,  with  the  1/8  -scalc  tests  in  the  middle.  Therefore,  the  difference  (in 
normalized  thickness)  of  the  three,  specimen  scales  alone  is  an  unlikely  cause  of  tire  discrepancy  in 
tire  stiffness  and  fully  plastic  load. 

Differences  in  flow  properties  owing  to  different  material  sources  cannot  fully  explain  the 
difference  in  yield  and  fully  plastic  loads,  because  the  curves  were  scaled  by  the  yield  stress  and  no 
difference  in  flow  stress  greater  than  4  percent  was  measured  between  the  thicker  and  thinner  plates 
from  which  specimens  were  made.  (These  differences  were  accounted  for  when  plotting  Figures 
B-7  and  B-10.) 

On  the  basis  of  these  considerations  and  in  the  absence  of  more  definitive  answers,  we 
conclude  that  the  differences  between  the  normalized  stiffnesses  and  the  normalized  fully  plastic 
loads  probably  result  from  the  combined  influence  of  the  differences  in  specimen  thickness  and 
weldment  size,  and  slight  differences  in  the  flow  properties,  possibly  affecting  only  the  weldment 
region  (see  the  hardness  maps  in  Figures  A- 14  and  A- 15  in  Appendix  A). 

Because  of  the  differences  in  fully  plastic  loads,  some  caution  will  be  necessary  when 
deriving  the  scaling  rules  for  fracture.  If,  on  the  one  hand,  the  load  differences  are  associated  with 
differences  in  relative  size  and  yield  and  flow  properties  associated  with  the  weldment  region  only, 
then  they  represent  a  scaling  effect  in  themselves  If,  on  the  other  hand,  the  load  differences  are 
due  to  thickness-induced  constraint  differences,  then  the  state  of  stress  in  the  crack  initiation  region 
would  be  different.  That  event  in  turn  would  have  implications  for  crack  initiation  conditions, 
because  ductile  fracture  initiation  is  known  to  depend  on  the  state  of  stress.  In  that  respect,  the  1/2- 
scale  specimens  would  experience  a  less  severe  state  of  stress  than  tire  1/4-  or  1/8-scale  specimens, 
so  they  would  appear  more  resistant  to  fracture  initiation  than  if  their  normalized  thickness  were 
equal  to  that  of  the  1  /8-scale  specimens. 

Scattei'lpJisijaia 

Aside  from  the  differences  in  the  fully  plastic  loads,  which  are  not  statistical,  we  also 
observed  a  significant  scatter  in  the  displacement  values  at  the  onset  of  crack  initiation.  On  the 
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basis  of  the  available,  statistically  sparse  data,  it  appears  that  the  scatter  increases  with  decreasing 
specimen  size,  a  trend  often  observed  in  fracture  toughness  or  strength  testing  of  materials  to 
which  a  weakest-link  theory  of  strength  can  be  applied.  The  scatter  in  the  values  of  dpn  amounts 
to  more  titan  ±25  percent  of  the  average  value  for  the  1/8-scale  specimens.  Comparable  scatter  is 
observed  in  the  energy  dissipetion  data. 

The  demonstrated  reliability  of  the  fracture  initiation  detection  method  shows  that 
experimental  uncertainties  do  not  contribute  significantly  to  the  scatter  in  the  results.  Rather,  the 
scatter  is  due  to  the  intrinsic  scatter  in  the  geometric  and  material  properties  of  the  weldments. 

Finite  element  analysis  of  weldments  with  different  weld  bead  geometries  (see  Appendix  D)  reveals 
that  geometric  variations  could  account  for  up  to  25  percent  of  the  scatter  in  the  displacement  value 
at  fracture  initiation. 

Variability  in  the  strength  and  fracture  properties  of  the  weldment  is  more  difficult  to 
assess.  Our  approach  has  been  to  perform  simulations  using  the  weldment  model  discussed  in 
Appendix  D.  At  present  we  have  not  accumulated  enough  information  to  make  a  conclusive 
statement  about  the  impact  of  weldment  properties  on  the  scatter  in  the  fracture  results.  More 
simulations  and  possibly  more  detailed  experimental  characterization  of  the  weldment  properties 
will  be  needed. 

Weldment  fracture  is  often  affected  by  residual  stresses  induced  by  the  welding  process. 
However,  we  do  not  believe  that  residual  stresses  have  a  significant  influence  on  fracture  in 
HY-130  steel  weldments,  because  fracture  occurs  after  these  weldments  have  undergone  great 
plastic  deformation,  completely  redistributing  the  residual  stress  field. 


Before  deriving  an  empirical  scaling  rule  for  the  fracture  of  HY-1 30  steel  T- weldments  on 
the  basis  of  results  cf  the  static  fracture  experiments,  we  must  emphasize  at  least  four  limitations 
that  may  restrict  the  rule's  validity:  (1)  The  results  of  the  static  fracture  experiments  show  consid¬ 
erable  scatter.  (2)  The  fracture  data  base  is  statistically  scarce,  particularly  for  the  1/2-scale  experi¬ 
ments,  for  which  only  two  tests  were  performed.  (3)  The  lower  fully  plastic  load  for  the  1/2-scale 
specimens,  if  caused  by  a  thickness-related  constraint  effect,  may  have  influenced  the  fracture 
behavior,  making  the  specimens  appear  tougher  than  if  their  relative  width  had  been  equal  to  that  of 
the  1/8-scale  specimens.  Similarly,  if  strength  differences  in  the  weldment  region  are  responsible 
for  the  lower  fully  plastic  load  in  the  1/2-scale  experiments,  we  also  expect  a  slight  effect  on  the 
fracture  behavior  because  of  the  influence  of  the  local  flow  strength  on  the  stress  triaxiality.  In  the 
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following  discussion  we  assume  drat  such  a  constraint  effect  is  not  significant.  (4)  We  obtained 
experimental  data  for  only  three  scales,  so  we  have  no  verification  of  the  behavior  at  a  scale  of  1/1. 

Bearing  in  mind  these  four  limitations,  the  results  of  the  static  fracture  experiments  suggest 
that  fracture  initiation  in  HY-130  steel  welded  T-weldments  follows  geometric  scaling.  This  means 
that  the  normalized  displacement  and  plastic  energy  dissipation  at  fracture  initiation  will  be  the  same 
for  every  specimen  scale.  This  conclusion  is  justified  on  the  basis  of  our  data  if  we  consider  that 
the  differences  in  the  average  dpn  and  plastic  energy  dissipation  for  the  three  specimen  scales  fall 
well  within  the  scatter  for  each  of  the  scales  (except  for  the  1/2-scale  plastic  energy  dissipation, 
because  of  the  tower  fully  plastic  load). 

Comparing  the  increase  in  displacement  and  the  energy  dissipated  in  reducing  the 
normalized  load  to  0.5  during  crack  extension  further  suggests  that  few  scale-induced  differences 
will  occur  during  the  crack  propagation  phase,  particularly  when  the  displacement  increment  and 
the  energy  absorbed  during  crack  propagation  are  compared  with  the  total  displacement  and  total 
fracture  energy,  respectively.  An  elastoplastic  fracture  analysis  of  crack  extension  in  bend 
specimens  of  three  different  scales  confirms  this  conclusion  (see  Appendix  D). 

The  conclusion  that  fracture  in  HY-130  steel  T-weldments  follows  replica  scaling  can  be 
rationalized  on  the  basis  of  tv/o  arguments.  First,  the  experimental  results  show  that  the  fracture 
experiments  were  dominated  by  plastic  deformation.  Hence,  the  energy  dissipated  in  acti  !y 
damaging  and  eventually  fracturing  the  material  is  small  compared  with  the  overall  plastic  dissipa¬ 
tion.  Therefore,  scale-induced  differences  in  the  fracture  energy  are  likely  to  be  even  smaller  and 
will  be  difficult  to  observe  given  the  scatter  in  the  results.  This  argument  is  consistent  with  an 
analysis  of  fracture  scaling  under  rigid  perfectly  plastic  conditions  presented  by  Atkins,®'1  which 
shows  that  when  the  structural  plastic  energy  dissipation  is  large  compared  with  the  fracture 
energy,  fracture  processes  will  approximately  obey  geometric  scaling. 

The  second  argument  invokes  a  local  fracture  criterion  to  demonstrate  that  crack  initiation  in 
the  bulk  of  the  material  (i.e.,  in  material  in  which  no  preexisting  macrocrack  is  present)  or  at  blunt 
notches  should  follow  geometric  scaling.  Consider  a  local  fractur  e  criterion  consisting  of  two 
conditions.  The  first,  which  can  be  termed  the  continuum  condition,  requires  that  a  critical 
combination  of  stress  and  strain  be  reached  in  the  material.  The  second,  termed  the  microstnrctural 
condition,  requires  that  the  critical  combination  be  satisfied  over  a.  critical  distance  related  to  a 
characteristic  microstnrctural  dimension.  This  type  of  criterion  has  often  been  discussed  in  the 
literature,  for  both  cleavage  fracture®'2-®'3  and  ductile  void  growth  fracture.®'3-®"1 

When  the  criterion  is  applied  tc  fracture  at  a  blunt  notch,  the  microstnrctural  condition  is 
always  satisfied  because  the  area  of  elevated  stress  and  strain  in  the  notch  region  extends  over  great 
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distances  compared  with  the  characteristic  microstructural  dimension.  In  this  situation,  fracture  is 
controlled  only  by  a  high  enough  combination  of  stresses  and  strains  (the  continuum  condition), 
and  the  fracture  criterion  no  longer  contains  a  nonscalable  material  length  parameter.  Therefore, 
the  criterion  predicts  that  fracture  initiation  at  a  blunt  notch  or  stress  concentration  will  follow 
geometric  scaling.  This  simation  may  be  considered  equivalent  to  crack  initiation  at  a  welded  T- 
joint  containing  no  large  defects  and  provides  a  rationale  for  our  experimental  observations  that,  in 
first  approximation,  fracture  initiation  follows  replica  scaling. 

On  the  other  hand,  the  situation  is  reversed  in  the  case  of  fracture  from  a  preexisting  sharp 
crack,  where  high  stresses  and  strains  are  always  encountered.  However,  they  prevail  only  over  a 
limited  distance  in  the  crack  tip  region,  which  is  comparable  to  the  characteristic  microstructural 
dimension.  In  this  situation  the  continuum  condition  is  always  met,  and  fracture  is  controlled  by 
the  microstructural  condition  of  extending  the  high  stress  and  strain  field  over  a  large  enough 
volume.  The  fracture  criterion  now  contains  a  nonscalable  length  parameter,  the  characteristic 
microstructural  dimension,  and  therefore  fracture  from  a  sharp  crack  will  not  follow  geometric 
scaling.  This  is  the  situation  that  would  prevail  in  the  welt  ;d  T-joint  once  a  sharp  crack  has 
begun,  and  so  we  expect  non-geometric  scaling  effects  during  the  crack  growth  phase  of  fracture. 
However,  as  noted  above,  these  effects  may  be  slight  in  comparison  with  the  scatter  in  the  data  and 
the  effect  of  overall  plastic  deformation,  so  they  will  be  difficult  to  identify. 

More  experimental  verification  of  the  proposed  scaling  rule  is  desirable,  in  particular  to 
resolve  the  uncertainty  about  the  fully  plastic  load  in  the  1/2-scale  experiments.  Simulations  of  the 
type  described  in  Appendix  D  using  the  weldment  fracture  model  will  also  provide  more  accurate 
estimates  of  possible  nonscaling  effects  during  crack  extension  or  of  nonscaling  caused  by 
differences  in  material  properties  in  welds  of  different  sizes. 


SUMMARY  AND  CONCLUSIONS 

We  developed  a  static  test  to  establish  the  morphology  of  fracture  in  HY-130  steel  T- 
weldments.  In  particular  we  demonstrated  that  the  beginning  of  a  macroscopic  crack  can  be 
determined  reliably  and  unambiguously.  Fracture  of  1/8-,  1/4-  and  1/2-scale  weldments  showed 
essentially  the  same  morphology.  On  the  basis  of  the  experimental  results,  we  conclude  that,  in 
first  approximation,  the  load  displacement  at  fracture  initiation  in  specimens  of  different  scales  is 
governed  by  geometric  scaling.  Moreover,  the  normalized  total  energy  dissipated  during  crack 
extension  is  essentially  the  same  for  all  three  specimen  scales  investigated.  We  therefore  conclude 
that,  in  first  approximation,  geometric  scaling  may  also  govern  the  conditions  for  crack 
propagation. 
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APPENDIX  C 

DYNAMIC  FRACTURE  EXPERIMENTS 


INTRODUCTION 

The  dynamic  fracture  experiments  were  performed  to  verify  that  the  empirical  scaling  rule 
derived  on  the  basis  of  the  static  fracture  experiments  is  also  valid  under  dynamic  loading 
conditions  and  for  a  specimen  configuration  more  accurately  simulating  the  ring-stiffened  cylinder 
configuration  of  interest  to  the  Naval  Surface  Warfare  Center  (NAVSWC).  This  appendix  first 
describes  the  test  configuration,  the  instrumentation,  and  the  method  of  analyzing  the  experiments. 
We  then  present  the  results  of  ten  dynamic  fracture  experiments  (six  1/4-  and  four  1/8-scale)  and 
discuss  the  scaling  rule  inferred  from  these  results. 

EXPERIMENTAL  PROCEDURE 

EiiBsrimental  Configuration  and  Specimen  Qgomgiry 

In  the  dynamic  fracture  experiments  we  achieved  high  strain  rates  by  loading  the  specimen 
with  sheet  explosive.  This  method  built  on  the  experience  previously  gained  at  David  Taylor 
Research  Center  with  a  modified  explosive  tear  test.c'l*c'2  The  test  configuration  was  based  on  an 
original  design  proposed  by  Mr.  W.  W.  McDonald  (NAVSWC,  White  Oak  Laboratory)  and 
Dr.  D.  W.  Nicholson  (NAVSWC  consultant,  Stevens  Institute  of  Technology,  Hoboken,  NJ). 

The  specimen  for  the  dynamic  fracture  experiments  consisted  of  a  slotted  base  plate  with  two 
symmetrically  positioned  welded  stiffeners  (Figure  C-la).  The  dimensions  for  a  1/4-scale 
specimen  are  indicated  i<  Figure  C- lb.  The  schematic  of  the  loading  arrangement  is  shown  in 
Figure  C-2a  and  a  1/4-scale  specimen  mounted  in  the  loading  fixture  is  shown  in  Figure  C-2b. 

Each  stiffener  was  rigidly  attached  to  an  independent  E-shaped  yoke  with  a  cover  plate  and 
shoulder  bolts.  The  specimen  plate  was  bolted  to  a  steel  die,  which  in  turn  was  rigidly  attached  to 
a  base  plate.  The  two  yokes  also  rested  on  the  base  plate  and  surrounded  the  specimen  plate  and 
the  die.  The  yokes  could  be  tilted,  and  their  position  relative  to  each  other  and  to  the  specimen 
could  be  independently  adjusted  in  three  directions. 
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Figure  C  -1 .  Specimen  for  dynamic  fracture  experiments. 
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(a)  Schematic  of  fixture 


(b)  Specimen-fixture  assembly  for  1 /4-scale  experiments 

FTP-2612 


Figure  C-2.  Loading  fixture  for  dynamic  fracture  experiments. 


NAVSWCTR  90-360 


This  freedom  of  adjustment  was  achieved  by  supporting  each  yoke  with  four  adjustable 
jack-  bolts  and  locking  the  yoke  in  position  with  three  tie-bolts.  The  holes  in  the  base  plate  for  the 
tie-bolts  had  enough  clearance  to  permit  tilting  and  some  translation  of  the  yoke  in  the  base  plane. 
This  design  allowed  precise  adjustment  of  the  yokes  to  accommodate  any  specimen  distortion, 
particularly  that  of  the  stiffener  caused  by  welding.  In  turn,  accommodating  welding  distortions 
prevented  prestressing  the  specimen  during  installation  in  the  test  fixture  and  permitted  uniform 
loading  of  the  stiffener  during  the  test. 

In  the  experiment,  die  center  of  the  specimen  plate  between  the  two  slots  was  loaded  with 
strips  of  sheet  explosive  backed  by  blocks  of  polymethymethacrylate  (PMMA),  which  increased 
the  impulse  delivered  to  the  plate  for  a  given  explosive  sheet  thickness.  The  charge  design  and  the 
details  of  the  arrangement  used  in  the  experiments  are  discussed  below.  With  this  test 
arrangement,  only  the  center  portion  of  the  specimen  plate  was  significantly  deformed  during  the 
experiments,  whereas  the  portion  supported  by  die  die  acted  as  a  reaction  frame,  inducing 
membrane  stresses  in  the  plate.  Membrane  stresses  represented  a  major  difference  in  the  loading 
mode  of  the  dynamic  fracture  specimens  compared  with  that  of  the  static  fracture  specimens. 

We  constructed  fixtures  to  load  specimens  corresponding  to  1/4-  and  1/8-scale  of  the  full- 
scale  structural  element  of  interest.  We  also  fabricated  six  1/4-  and  four  1/8-scale  specimens. 
Table  C-l  summarizes  the  welding  parameters  used  to  fabricate  the  dynamic  fracture  specimens. 

The  1/4-scale  specimens  were  used  to  establish  the  loading  conditions  needed  for  fracture 
initiation  and  full  fracture  of  the  plate  and  to  verify  the  reproducibility  of  the  test  conditions.  The 
1/8-  and  1/4- scale  dynamic  fracture  experiments  confirmed  the  scaling  rule  derived  from  the  static 
fracture  experiments. 


TABLE  C-l.  WELDING  CONDITIONS  FOR  DYNAMIC  FRACTURE  EXPERIMENTS 
(GTAW  PROCESS,  100S  WELD  WIRE) 


Specimen  Scale 


1/8 


1/4 


Weld  wire  diameter  1.5  mm 

Amperage  150-160  A 

Voltage  18-19  V 

Protective  environment  argon 

Preheat  temperature  65°C 

Interpass  temperature  65  ■  1 20°C 


1.5  mm 
150-165  A 
18-20  V 
argon 
69-90°C 
65-120°C 


Number  of  passes 


1  scaler  +  2  each  side 


1  scaler  +  3  each  side, 
alternating  side  of  deposition 
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Explosive  Charge  Design 

To  achieve  appropriate  loading  of  the  dynamic  fracture  specimens  using  sheet  explosive, 
we  performed  a  series  of  numerical  simulations  and  a  preliminary  explosive  test. 

To  guide  our  choice  of  sheet  explosive  thickness  and  tamping  material,  we  performed  one¬ 
dimensional  calculations  using  the  SRI  PUFF  8  code ,*c_3  Another  objective  of  these  calculations 
was  to  demonstrate  that  solid  tamper  materials  could  adequately  simulate  the  effect  of  water 
overburden  in  underwater  explosions  and  that,  for  the  sake  of  convenience,  solid  tampers  could  be 
substituted  for  water  in  the  explosive  fracture  experiments. 

We  performed  three  calculations  simulating  a  12.7-mm-thick  steel  plate  loaded  by 
detonating  a  5.08-mm-thick  sheet  of  explosive  with  50.8-mm-thick  tamping.  The  specific  energy 
for  the  explosive  was  5.8  MJ/kg  and  the  density  1.0  kg/m3.  The  tamping  material  was  water, 
PMMA,  or  steel.  We  also  performed  two  simulations  with  prescribed  boundary  conditions  at  the 
surface  of  the  explosive  to  obtain  limits  on  the  achievable  impulse;  in  one  simulation  we  prescribed 
a  free  boundary  condition  (an  approximation  for  air  as  tamping  material)  to  obtain  a  lower  limit, 
and  in  the  other  case  we  prescribed  a  rigid  boundary  condition  to  obtain  an  upper  limit.  Because 
we  used  an  approximate  equation  of  state  for  the  explosive  gases,  the  results  of  the  simulations 
should  be  considered  approximate  estimates,  which  can  be  used  to  evaluate  ratios  of  impulses  and 
velocities,  rather  than  absolute  values. 

The  results  of  the  simulations  are  summarized  in  Figure  C-3,  which  plots  the  particle 
velocity  history  at  mid-thickness  in  the  specimen  steel  plate.  The  impulse  delivered  to  the  plate  at 
any  given  time  was  proportional  to  the  velocity  in  Figure  C-3.  After  about  60  |is,  the  plate 
velocity  remained  essentially  constant  for  all  cases,  and  a  velocity  equal  to  80  percent  or  more  of 
the  final  velocity—and  hence  the  total  impulse- was  already  imparted  to  the  plate  after  20  |is.  This 
observation  suggests  that  instantaneously  imposing  an  initial  velocity  to  the  specimen  plate  may  be 
a  reasonable  approximation  in  simulations  of  the  dynamic  experiments. 

Figure  C-3  also  shows  that  tamping  with  water,  PMMA,  or  steel  increased  the  total 
delivered  impulse  by  factors  of  7, 9,  or  16,  respectively,  over  the  value  achievable  with  air.  The 
increase  was  controlled  by  the  density  of  the  tamping  material  and  by  the  wave  speed.  The  maxi¬ 
mum  achievable  impulse  (rigid  boundary  condition)  was  about  22  times  that  for  air.  The  impulse 
value  obtained  with  PMMA  was  comparable  to  that  obtained  with  water,  so  PMMA  can  be  used  in 
our  experiments  as  a  practical  simulant  for  water.  Finally,  die  simulations  indicated  that  plate 
velocities  of  several  hundred  meters  per  second  could  be  expected  in  the  explosive  experiments. 

*PUFF  8  is  a  Lagrangian  finite  difference  computer  program  for  calculating  one-dimensional  stress  wave  propagation 
through  solid,  liquid,  gaseous,  and  porous  materials. 
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As  a  complement  to  the  simulations,  we  performed  a  preliminary  explosive  test  to  verify 
that  no  spalling  would  occur  when  the  steel  plate  was  loaded  directly  in  contact  with  the  sheet 
explosive  without  intermediate  tamping  material  and  to  demonstrate  that  no  plate  shearing  would 
occur  at  the  edge  of  the  explosive  sheet.  We  loaded  a  plate  of  HY-130  steel,  152.4  by  50.8  by 
12.7  torn  thick  with  a  sheet  of  DuPont  Detasheet®  D,  101.6  by  50.8  by  2.54  mm  thick  tamped 
with  two  cubes  of  mild  steel  with  a  50.8-mm  edge  length.  After  the  experiment  we  sectioned  the 
HY-130  steel  plate,  polished  it,  and  inspected  it  for  spall  and  shear  damage  in  the  zone  immediately 
beneath  the  explosive.  Careful  examination  revealed  no  material  damage. 

On  the  basis  of  the  simulation  and  experimental  results,  we  concluded  that  sheet  explosive 
in  direct  contact  with  the  specimen  plate  and  tamped  with  PMMA  provides  adequate  dynamic 
loading  of  the  specimen  to  simulate,  in  first  approximation,  loads  applied  to  ring-stiffened 
structures  by  underwater  explosions. 

The  actual  charge  configuration  used  in  the  1/4-scale  experiments  is  shown  in  Figure  C-4. 
Dimensions  for  the  1/8-scale  experiments  were  scaled  exactly.  Only  a  central  region  of  the  plate, 
101.6  x  127  mm,  was  explosively  loaded.  A  horizontal  sheet  of  explosive,  tamped  by  two  50.82- 
x  127-mm  blocks  of  PMMA,  was  started  along  the  specimen's  axis  of  symmetry  by  a  vertical  line 
generator,  itself  started  by  a  strip  of  Detasheet®  and  a  detonator.  With  this  arrangement,  the 
explosive  was  started  uniformly  along  the  specimen  width,  and  the  detonation  swept  symmetrically 
on  both  sides  of  the  center  line  toward  the  stiffeners.  In  all  the  experiments  we  used  Detasheet®  C 
explosive,  except  for  test  HY-130  WE4-1,  in  which  we  used  Detasheet®  D.  We  switched  to 
Detasheet®  C  because  it  is  the  explosive  routinely  used  at  NAVSWC.  Detasheet®  C  contains  only 
70  percent  pentaerytliriotol  tetranitrate  (PETN)  while  Detasheet®  D  contains  75  percent.  The 
properties  of  these  explosives  are  listed  in  Table  C-2. 


TABLE  C-2.  PROPERTIES  OF  SHEET  EXPLOSIVES 


Explosive  Type _ 

Composition 

Specific  energy,  Eo  (MJ/kg) 
Density,  r  (kg/m^) 


Detasheet®  C  Detasheet®  D 


70%  PETN, 
30%  inert  binder 
3.40 
1500 


75%  PETN, 
25%  inert  binder 
3.64 
1450 


We  obtained  the  specific  energy  value  Eo  for  Detasheet®  C  from  the  value  for  Detasheet® 
D,  applying  a  simple  rule  of  mixture: 

Eo[Detasheet®  CJ  =  (0.70/0.75)E0[Dctasheet®  D] 
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Figure  C-4.  Explosive  charge  configuration  for  dynamic  fracture  experiments. 
Dimensions  (mm)  for  1/4-scale  experiment  shown. 
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We  controlled  the  amount  of  deformation  induced  in  each  experiment  by  changing  the 
thickness  of  the  sheet  explosive. 


The  purpose  of  the  instrumentation  for  the  dynamic  fracture  experiments  was  to  provide 
(1)  data  to  characterize  the  loading  applied  to  the  specimen,  which  could  serve  as  input  for 
numerical  simulations;  and  (2)  indications  of  fracture  onset  in  the  specimen. 

The  instrumentation  consisted  of  sets  of  contact  pins  to  measure  the  deflection  history  at  the 
plate  center,  piezo  pins  to  detect  the  onset  of  crack  initiation,  and,  in  the  first  three  1/4-scalc 
experiments,  strain  gages.  The  objective  of  the  strain  history  measurements  was  to  obtain 
experimental  data  for  later  validation  of  numerical  simulations  of  the  experiments,  to  provide  an 
estimate  of  the  strain  rates,  and  possibly  to  indicate  the  time  at  which  fracture  began  or  completely 
severed  the  plate  from  the  rest  of  the  specimen. 

Figure  C-5a  shows  a  schematic  of  the  contact  pins  used  to  measure  plate  deflection 
histories.  One  or  two  sets  of  four  looped  copper  strips  were  mounted  in  a  staggered  arrangement 
on  a  polycarbonate  base.  The  sets  of  pins  were  then  mounted  beneath  the  specimen,  along  the 
center  line,  with  their  axis  parallel  to  the  stiffener  axis  (Figure  C-6).  The  height  differences 
between  the  apex  of  each  loop  as  well  as  the  clearance  between  the  bottom  of  the  plate  and  the  top 
of  the  highest  loop  were  carefully  measured  before  the  experiments. 

During  the  experiment,  a  rectangular  voltage  pulse  was  generated  every  time  the  deforming 
plate  contacted  one  of  the  staggered  pins,  a  recording  of  the  time  of  contact.  Because  we  knew  the 
distance  between  each  pin,  we  could  easily  measure  the  deflection  history  of  the  specimen's  center 
line  from  the  contact  time.  As  shall  be  seen  below,  this  method  yielded  very  satisfying  and  reliable 
results.  The  details  of  the  deflection  history  that  could  be  measured  depended  on  and  clearly 
increased  with  the  number  of  contact  pins. 

A  piezo  pin  consists  of  a  brass  rod  on  which  a  small  piezoelectric  quartz  crystal  is  mounted.  Two 
pins  were  mounted  beneath  the  specimen  at  the  level  of  the  two  weldments  (Figure  C-6).  The  idea 
behind  using  the  piezo  pins  was  that  when  a  crack  began  at  the  toe  of  the  stiffener  weld  and 
completely  penetrated  the  plate,  the  plate  would  move  rapidly  downward  and  strike  the  piezo  pin. 
Upon  impact  a  large  piezoelectric  voltage  pulse  would  be  induced,  indicating  the  approximate  time 
at  which  full  fracture  of  the  plate  occurred.  This  method  required  several  adjustments  of  the  pin 
orientation  before  it  gave  reasonable  indications  of  the  time  >f  fracture  in  the  only  1/8-scale 
experiment  in  which  complete  fracture  occurred. 
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Materials: 

Body-Phenolic/Delrin/Plexiglas 
Strips-Copper/Brass 

RA-2612-99 

Figure  C-5.  Contact  pins  used  to  measure  the  deflection  history  of  the 
specimen  center  line  (set  of  four  staggered  contact  pins). 
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The  first  three  1/4-scale  experiments  were  instrumented  with  strain  gages:  eight  gages  in 
test  HY-130  WE4-1  and  six  in  tests  WE4-2  and  -3.  The  position  of  the  gages  for  the  latter  two 
experiments  is  indicated  in  Figure  C-6.  Four  gages  were  mounted  on  the  stiffeners  and  two  at  the 
bottom  of  the  plate  near  the  weldments.  For  test  WE4-1,  two  more  gages,  facing  gages  3  and  6  in 
Figure  C-6,  were  mounted  on  the  top  of  the  plate.  We  tried  to  protect  the  gages  from  the  effects  of 
the  explosive  blast  by  covering  them  with  rubber  pads  and  steel  shims.  We  were  also  careful  to 
minimize  the  size  of  the  lead  solder  joints  with  the  gage  contact  pads.  Unfortunately,  despite  these 
precautions,  the  strain  gages  produced  poor  records  and  were  abandoned  in  later  experiments. 


The  dynamic  fracture  experiments  were  analyzed  in  two  steps.  First  we  analyzed  the  raw 
data  from  the  contact  pin  to  get  an  estimate  of  the  plate  center  displacement  history  and  the  initial 
velocity  Vo;  then  we  analyzed  the  available  strain  gage  and  piezo  pin  data.  The  raw  deflection 
history  data  were  then  reanalyzed  to  improve  the  accuracy  and  consistency  of  the  results  and  of  the 
estimates  of  the  initial  velocity. 

Reducing  of  Raw  Data.  The  principal  piece  of  data  analyzed  in  the  experiments  was  the 
deflection  history  record  for  the  plate  center,  obtained  from  the  contact  pins.  From  the  measured 
pin-plate  spacing  and  the  contact  time  for  the  different  pins,  v/e  obtained  the  discrete  points  (up  to 
eight)  of  the  deflection  history.  By  fitting  a  polynomial  through  these  raw  data  points  and  differ¬ 
entiating,  we  could  then  estimate  the  initial  velocity  Vo  at  the  plate  center.  We  found  that  a  second- 
order  polynomial  fit  most  of  the  data  points  with  a  good  degree  of  accuracy  (see  Results  section). 

In  some  cases,  individual  contact  times  yielded  data  points  of  the  displacement  history  that 
deviated  significantly  from  the  general  trend,  indicating  an  erroneous  contact,  possibly  caused  by 
the  ionized  explosive  gases  or  flying  debris.  This  deviation  was  more  prevalent  for  contact  times 
late  in  the  experiment.  These  obviously  erroneous  data  points  were  eliminated  from  the  data  set 
used  for  fitting  the.  displacement  history  curves.  As  a  result,  there  is  an  uncertainty  about  the  late 
times  deflection  history  predicted  by  the  second-order  polynomial  fit  to  the  raw  displacement 
history  data  This  uncertainty  applies  particularly  to  the  predicted  maximum  plate  center  deflection 
(dmax)iaw  fit  attd  the  time  (tnjax)raw  fit  at  which  that  deflection  was  reached. 

After  the  experiments,  we  inspected  the  specimens  to  establish  whether  fracture  began  and 
measured  the  final  plastic  deflection  at  the  center  to  the  specimen  plate,  which  often  did  not  agree 
with  the  maximum  deflection  predicted  by  the  polynomial  fit  to  the  raw  data.  Therefore,  we  used 
the  plate  center  plastic  deflection  measured  after  the  experiment  to  improve  the  polynomial  fit  of  the 
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Figure  C-6.  Position  of  instrumentation  for  dynamic  fracture  experiments. 
The  contact  pins  have  been  rotated  90  degrees  for  clarity. 
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experimental  deflection  history  and  to  obtain  more  consistent  velocity  data.  For  specimens  that 
fractured  completely,  we  measured  the  center  deflection  from  a  reconstruction  of  die  specimen. 

In  an  approach  analogous  to  that  used  in  evaluating  the  static  fracture  experiments,  we 
interpreted  the  posttest  deflection  values  of  the  partially  or  completely  fractured  specimens  as  the 
deflection  "at  fracture,"  However,  the  precise  stage  of  fracture  corresponding  to  these  deflections 
is  not  known.  Strain  gage  records,  when  available,  were  analyzed  to  evaluate  the  type  and  level  of 
deformation  in  the  specimen,  but  little  useful  information  was  obtained  from  this  analysis. 

Normalizing  Procedure.  In  the  dynamic  fracture  experiments  described  here,  we  inde¬ 
pendently  varied  the  specimen  scale  (1/4-  and  1/8-scale),  the  specific  explosive  energy  (Detasheet® 
D  and  C)  and  thickness  (1-3  mm),  and  the  tamping  material  thickness  (25.4  and  50.8  mm). 
Eventually  we  will  also  vary  the  material  tested  (HY-130  steel,  titanium  alloys). 

To  analyze  the  structural  (continuum)  response  of  the  specimens  in  a  meaningful  way,  we 
had  to  normalize  the  experimental  results  to  account  for  the  differences  in  size,  explosive  specific 
energy  and  thickness,  tamping  material  density  and  thickness,  and  specimen  material  properties.  A 
normalization  procedure  that  appears  to  account  correctly  for  the  parameter  variations  can  be 
derived  in  the  following  way. 

First,  we  consider  the  shape  of  the  center  deflection  histories  for  the  explosively  loaded 
specimens  and  assume  that  no  fracture  occurred.  Let  the  maximal  deflection  at  the  plate  center  line 
be  dmax  and  the  time  at  which  this  deflection  is  reached  be  tmax,  as  illustrated  in  Figure  C-7a.  We 
propose  to  normalize  the  experimental  results  using  dmax  and  tmax.  As  mentioned  above  and 
demonstrated  in  the  next  section,  a  second-order  polynomial  provides  a  good  fit  to  the  experimental 
data,  suggesting  that  (1)  a  simple  rigid-perfectly  plastic  hinge  model  can  appropriately  describe  the 
motion  of  the  plate  center  line,  and  (2)  the  plate  center  line  undergoes  uniform  deceleration  until 
dmax  is  reached.  We  use  these  two  assumptions  to  express  dmax  and  tmax  as  functions  of  specimen 
yield  strength  oy,  density  pp,  length  Lp,  thickness  hp,  and  initial  plate  velocity  Vo-  Then, 
assuming  the  simple  model  of  Figure  C-7b  and  equating  the  initial  kinetic  energy  of  the  plate  to  the 
work  done  in  the  plastic  hinge  yield  the  expressions  for  dmax 

dmax  (C-l) 

hp  (Ty 

Similarly,  the  angular  momentum  equation  yields  the  expression  for  tmax: 

W V0  (C-2) 

hp  Oy 
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(a)  Definition  of  t  max  and  d  max 


Figure  C-7.  Normalization  analysis. 
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The  groups  of  parameters  on  the  right-hand  side  of  Equations  (C-l)  and  (C-2)  represent  the 
appropriate  expressions  for  normalizing  the  experimental  deflections  and  the  times,  respectively. 


The  next  step  is  to  express  the  initial  velocity  Vq  as  a  function  of  the  explosive  specific 
energy  Eo,  density  pe,  and  thickness  he  and  of  the  tamping  material  density  pt  and  thickness  ht. 
This  relationship  can  be  obtained  from  a  simple  approximate  analysis4  and  is  given  by 


V0  =  aV2Eo 
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(C-3) 

In  Equation  (C-3),  a  is  an  undetermined  coefficient  relating  the  proportion  of  the  specific 
energy  converted  to  kinetic  energy  of  the  plate  to  the  total  specific  energy  of  the  explosive.  We 
later  determined  the  value  of  a  by  fitting  Equation  (C-3)  to  the  experimentally  determined  initial 
velocities. 

Combining  Equation  (C-3)  with  the  right-hand  side  of  Equations  (C-l)  and  (C-2)  yields 
normalizing  quantities  for  the  experimental  deflection  and  time,  respectively,  that  include  the 
influence  of  size,  specimen  material  properties,  and  explosive  and  tamping  material  characteristics. 
This  normalization  procedure  was  used  when  comparing  the  structural  responses  of  the  specimens. 

From  Equations  (C-l)  through  (C-3)  we  can  draw  other  conclusions  regarding  the 
dependence  of  the  initial  plate  center  velocity  and  the  maximum  plate  center  deflection  on  test 
parameters.  A  plot  of  Equation  (C-3)  suggests  that  Vo  varies  with  the  square  root  of  the  explosive 
thickness.  This  idea  is  illustrated  in  Figure  C-8,  which  plots  Vo  for  the  geometric  and  material 
parameters  corresponding  to  our  experiments  with  Detasheet®  C  and  D  and  for  a  value  of  a  of 
0.645.  The  resulting  curve  is  fitted  almost  exactly  by  the  equation 

V0  =  453.28  (he/hp)1/2  (C-4) 

Therefore,  combining  Equations  (C-l)  and  (C-4)  also  suggests  that  die  maximum  plate 
center  deflection  normalized  by  the  specimen  plate  thickness  should  vary  linearly  with  the.  explo¬ 
sive  thickness  normalized  by  the  plate  thickness.  Experimental  evidence  for  this  conclusion  will  be 
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NORMALIZED  EXPLOSIVE  THICKNESS 

RA-2612  100 


Figure  C-8.  Initial  plate  center  velocity  versus  normalized  explosive  thickness 
relation  predicted  by  Equation  (C-3). 
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presented  in  the  next  section,  and  we  use  the  linear  relationship  between  explosive  thickness  and 
maximum  center  plate  deflection  in  an  improved  analysis  of  the  deflection  history  data. 

To  derive  fracture  scaling  rules,  we  simply  normalize  the  explosive  thickness  and  the 
deflections  by  the  specimen  plate  thickness. 

Improved  Data  Reduction  Procedure.  As  will  become  apparent  from  the  experimental 
results,  the  maximum  deflection  predicted  by  the  second-order  polynomial  fit  to  the  raw 
experimental  deflection  history  data  does  not  agree  with  the  estimate  of  the  maximum  deflection 
based  on  posttest  measurements  of  the  specimens.  To  remove  this  inconsistency  and  to  improve 
the  accuracy  of  the  initial  velocity  data  derived  from  the  polynomial  fits,  we  include  the  final 
deflection  of  the  specimen  (measured  after  the  test)  in  data  used  to  fit  the  second-order  polynomial. 
The  procedure  involved  the  following  steps. 

1 .  We  estimated  the  maximum  plate  center  deflections  reached  during  the  experiments 
(dmar.)exp  by  combining  the  final  plate  center  deflections  measured  after  the  experi¬ 
ments  with  an  estimate  of  the  elastic  springback  of  the  plate  obtained  from  a  two- 
dimensional  dynamic  finite  element  analysis  of  the  explosive  experiments  (see  below 
and  Appendix  D).  Here,  only  the  experiments  with  incipient  or  no  fracture  were 
considered. 

2 .  We  generated  a  linear  regression  for  the  normalized  maximum  deflection  as  a  function 
of  normalized  explosive  thickness  from  the  (dmax)exp/hp-hc/hp  experimental  data  On 
the  basis  of  this  linear  regression,  we  estimated  the  maximum  deflection  that  the 
fractured  specimens  would  have  experienced  if  fracture  had  not  occurred. 

3 .  For  each  experiment,  we  performed  a  new  second-order  polynomial  fit  to  the  raw 
experimental  data  augmented  by  the  point  consisting  of  (dmax)cxp  and  (trnax)raw  fit* 
where  (tmax)raw  fit  represents  the  time  of  maximum  deflection  predicted  by  the 
polynomial  fit  to  the  raw  data. 

4.  From  the  polynomial  fit  to  the  augmented  data  set  we  calculated  a  new  time  of 
maximum  deflection  (tmax)fit  l  and  compared  it  with  (tmax)raw  fit-  If  the  difference 
between  the  two  maximum  times  exceeded  5  percent,  we  performed  another  poly¬ 
nomial  fit  to  the  raw  data  augmented  by  the  point  (dmax)exp,  (tmax)fit  1*  This  iterative 
procedure  v/as  repeated  until  the  difference  between  the  times  of  maximum  deflection 
calculated  from  successive  polynomial  fits  was  less  than  5  percent.  In  general,  two 
iterations  were  enough. 

5 .  We  checked  the  consistency  of  the  deflection  histories  generated  by  the  improved  data 
reduction  procedure,  then  compared  the  deflection  histories  for  specimens  loaded 
with  increasingly  thicker  sheet  explosive  and  verified  that  they  yielded  increasingly 
higher  initial  velocity  and  larger  maximum  deflection,  consistent  with  Equations  (C  l) 
through  (C-4).  To  further  verify  the  consistency  of  the  experimental  data  with  the 
normalization  analysis,  we  evaluated  the  parameter  a  in  Equation  (C-3)  by  plotting 
Vo  as  predicted  by  Equation  (C-3),  with  a  =  1  versus  the  value  obtained  from  the 
experiments,  and  performing  a  linear  regression.  We  then  compared  the  predictions 
of  Equation  (C-3)  with  the  fitted  value  of  a  for  the  initial  velocity  as  a  function  of 
explosive  thickness  with  the  experimental  data.  Although  this  comparison  was  not  an 
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independent  check  (we  had  already  fitted  a  to  the  experimental  data),  it  ensured 
consistency  among  the  data  reduction  procedure,  the  normalization  analysis,  and  the 
experimental  data. 

6.  The  last  step  of  the  data  reduction  procedure  consisted  of  normalizing  the  experi¬ 
mental  data  and  plotting  the  normalized  deflection  histories  for  all  the  experiments. 

In  the  Experimental  Results  section  we  present  for  each  experiment  the  raw  experimental 
data  and  the  results  after  improved  data  reduction. 

Finite  Element  Simulation  of  Experiments.  We  performed  two-dimensional  dynamic  finite 
element  analysis  of  the  dynamic  fracture  experiments  to  evaluate  the  elastic  springback  deflection  at 
the  plate  center  in  experiments  in  which  no  complete  fracture  occurred  and  to  obtain  the  strains  and 
strain  rates  in  the  weldment  region.  The  results  of  these  calculations  are  discussed  in  more  detail  in 
Appendix  D.  Here  it  suffices  to  mention  that  the  maximum  strain  rates  in  the  weldment  region 
were  on  the  order  of  several  thousands  per  second. 

EXPERIMENTAL  RESULTS 

The  results  of  the  dynamic  fracture  experiments  are  summarized  in  Table  C-3  and  Fig¬ 
ure  C-9.  Table  C-3  lists  for  each  experiment  the  initial  velocities  from  the  raw  data  fit  and  the 
improved  data  reduction  procedure,  the  final  plate  center  plastic  deflection,  the  maximum  plate 
center  deflection,  and  the  corresponding  instrumentation  and  loading  conditions.  As  previously 
discussed,  the  maximum  plate  center  deflection  of  the  specimen  was  estimated  by  adding  the  elastic 
component  of  the  deflection,  calculated  in  a  dynamic  finite  element  simulation  of  the  experiment 
(see  Appendix  D),  to  the  final  plate  center  plastic  deflection  measured  after  the  experiment. 

The  initial  velocities  listed  in  Table  C-3  were  determined  by  differentiating  second-order 
polynomials  fitted  to  either  the  raw  experimental  deflection  history  data  or  the  augmented 
experimental  data  set  (after  the  improved  data  reduction  procedure). 

Figure  C-9a  plots  the  deflection  histories  for  the  1/4-scale  experiments,  along  with  limit 
curves  (dashed  lines)  defining  the  conditions  for  fracture  initiation  and  complete  fracture.  Fig¬ 
ure  C-9b  plots  the  corresponding  data  for  the  1/8-scale  experiments.  Below  we  present  the  results 
of  each  experiment  individually,  including  photographs  of  the  final  specimen  deformation  and  the 
plate  center  deflection  history.  The  figures  showing  the  plate  center  deflection  history  also 
compare  the  polynomial  fit  to  the  raw  data  only  and  that  to  the  augmented  data  set  with  posttest 
measurements  of  the  maximum  deflection. 
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0  50  100  150  200 

TIME  ((is) 

(b)  1/8-Scale  experiments 

RA-261 2-101 

Figure  C-9.  Deflection  histories  for  1/4-  and  1/8-scale  experiments. 
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1/4-ScaleDvnamkf mcture  Experiments 

The  first  three  1/4-scale  experiments  served  mainly  to  test  the  instrumentation  and  to 
bracket  the  explosive  thicknesses  needed  to  cause  incipient  or  complete  specimen  fracture.  The  last 
three  tests  yielded  useful  fracture  data  and  established  their  reproducibility. 

WE4-1.  Specimen  HY-1 30  WE4-1  was  instrumented  with  eight  strain  gages  (four  gages 
on  the  stiffener  and  four  gages  on  the  plate;  see  Figure  C-6)  and  four  contact  pins  to  measure  the 
plate's  deflection  history.  The  specimen  was  loaded  with  a  sheet  of  2.87  mm-thick  Defasheet®  D 
explosive  tamped  with  two  FMMA  blocks.  Our  choice  of  explosive  thickness  was  based  on  the 
results  of  the  static  fracture  experiments  and  the  ont-dimensional  calculations. 

Fractures  occurred  at  three  locations  during  the  experiment.  The  plate  was  completely 
severed  by  a  crack  that  began  at  the  toe  of  one  of  the  stiffener-plate  welds;  another  crack 
propagated  partly  through  the  plate  at  the  other  stiffener-plate  weld,  and  the  stiffener  sheared  off  at 
a  45-degree  angle  to  its  tensile  axis  (Figure  C-10).  The  important  fractograpbic  obser/ation  from 
this  test  was  that  the  mode  of  fracture  at  the  toe  of  the  stiffener-plate  weld  was  the  same  as  that 
observed  in  the  static  experiments  and  in  explosive  loading  of  large-scale  ring-stiffened  structures. 

Figure  C-l  1  summarizes  the  records  obtained  during  the  experiment.  The  velocity  pins 
performed  satisfactorily,  as  indicated  by  the  well-defined  rectangular  pulses  shown  in  the  time 
record.  The  front  edge  of  tne  rectangular  pulses  marks  the  time  during  which  die  bottom  of  the 
plate  was  in  contact  with  the  pin.  From  analyzing  of  the  velocity  pin  data,  we  obtained  the  plate 
center  deflection  history  shown  as  a  solid  curve  in  Figure  C-l  2.  From  the  improved  polynomial 
fit,  we  calculated  an  initial  plate  center  velocity  of  224.5  m/s. 

From  a  posttest  reconstruction  of  the  plate  we  estimated  that  full  plate  fracture  occurred  at  a 
plastic  deflection  of  22  mm  at  the  specimen  center  line.  The  total  deflection  after  adding  the  elastic 
component  was  24.1  mm.  Introducing  this  value  in  Figure  O  I2,  we  see  ‘hat  the  last  dynamically' 
measured  experimental  point  was  recorded  after  fracture  and  is  therefore  questionable. 

Four  of  the  eight  strain  gages  (gages  2,  3, 7  and  8)  produced  a  record  that  lasted  about 
40  ps,  At  that  time  all  four  records  showed  a  transient  value.  Because  the  final  plastic  plate 
deflection  indicates  a  fracture  time  of  about  150  ps,  it  is  unlikely  that  this  transient  was  associated 
with  fracture.  Rather,  it  was  probably  due  to  gage  failure  (gages  2,  3,  and  8)  or  to  a  great  increase 
in  strain,  possibly  associated  with  stiffener  bending  (gage  7).  The  other  gages  failed  less  than 
20  ps  into  the  experiments;  therefore,  lip'e  useful  information  was  gained  from  the  strain  gage 
records. 
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(a)  Overall  view 


(b)  Of.' ail  view  of  fracture  region 
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Figure  C-10.  Positest  specimen  deformation  for  experiment  HY-130  WE4  1 
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Figure  C-11.  Summary  of  reconJs  for  experiment  HY-130  WE4-1. 
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Figure  C-1 2.  Plate  center  collection  history  for  experiment  HY-1 30  WE4-1 . 
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In  summary,  test  HY-13Q  WE4-1  yielded  the  following  main  results: 

*  We  demonstrated  that  the  test  design  was  sound  and  that  the  desired  type  of  fracture  was 
produced, 

•  Wc  evaluated  the  dynamic  instrumentation.  In  particular,  we  showed  that  useful 
deformation  history  information  can  be  obtained  with  simple  contact  pins  and,  on  the 
other  hand,  that  strain  gages  may  not  survive  long  enough  to  yield  meaningful 
information. 

1  An  upper  limit  for  the  explosive  charge  needed  to  cause  fracture  was  established  to  be 
2.9  mm  of  Detasheet®  D. 

WE4-2  and  -3.  The  purpose  of  these  experiments  was  to  estimate  the  charge  needed  to 
start  and  only  partly  propagate  a  crack  through  the  specimen  plate.  The  specimens  were  loaded 
with  1.09-  and  1.63-mm-thick  Detasheet®  C,  respectively.  Both  specimens  were  instrumented 
v/itb  six  strain  gages  and  two  sets  of  contact  pins,  for  a  total  of  eight  pins  and  two  piezo  pins.  The 
locations  of  the  gages  were  the  same  as  those  in  test  HY-130  WF.4-1,  except  that  the  two  gages  at 
the  top  of  the  plate  were  omitted  (Figure  C-6).  In  an  attempt  to  improve  the  performance  of  the 
strain  gages,  we  protected  them  with  more  rubber  pads  and  steel  shims. 

Because  of  the  small  explosive  charge,  neither  specimen  fractured  during  the  experiments. 
The  posttest  deformation  of  the  two  specimens  is  compared  in  Figure  C-13.  The  plate  center 
deflection  histories  for  the  experiments  are  shown  in  Figure  C-14.  The  estimated  initial  velocities 
for  specimens  HY-130  WE4-2  and  -  3  were  1 14.6  and  142.3  m/s,  respectively.  The  resulting  final 
plastic  deflections  were  9.8  and  15.2  mm,  respectively,  and  the  maximum  deflections  were 
approximately  12.6  and  17.6  mm.  During  the  posttest  inspection  of  the  specimens,  we  noticed  that 
the  frame  part  of  the  plate  was  bowed  and  that  the  plate  deflected  significantly  (1-2  mm) 
immediately  beneath  the  stiffeners.  Because  the  specimens  did  not  fracture,  the  piezo  pins  did  not 
produce  any  meaningful  signal  during  the  experiments. 

Of  the  total  of  12  strum  gages  fielded  in  the  two  experiments,  only  three,  all  on  the  stiffener 
exteriors,  yielded  strain  records  exceeding  50  ps.  All  the  other  gages  failed  early  in  the  experi¬ 
ments.  Figure  C-15  shows  the  three  successful  strain  records  obtained.  Figures  C-15a  and  c 
show  strain  histories  at  identical  center  locations  on  the  stiffener  exterior  in  tests  HY-130  WE4-2 
and  -3,  respectively.  The  overall  strain  histories  were  similar  during  the  first  200  ps  or  so, 
although  they  differed  in  the  details  of  the  recorded  oscillations.  At  later  times,  even  the  overall 
aspect  of  the  two  curves  differed. 
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(a)  HY-130  WE4-2 


(b)  HY-130  WE4-3 
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Figure  C-13.  Comparison  of  posttest  specimen  deformation  for  experiments 
HY-130  WE4-2  and  -3. 
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(a)  HY-130  WE4-2 


TIME  (ps) 

(b)  HY-130  WE4-3 
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Figure  C-14.  Plate  center  deflection  histories  for  experiments  HY-130  WE4-2  and  -3. 
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Strains  well  above  the  uniaxial  yield  strain  of  about  0.4  percent  were  reached  during  the 
earlier  part  of  the  experiments.  Figure  C-15b  shows  the  strain  history  for  the  second  stiffener  in 
specimen  HY-130  WE4-3.  The  vertical  position  of  the  gage  from  which  this  record  was  obtained 
was  about  4  mm  higher  than  that  of  the  gage  from  which  the  record  in  Figure  C-15c  was  obtained. 
Comparing  the  two  strain  histories  indicates  that  the  difference  in  position  resulted  in  great 
differences  in  the  strain  histories.  This  difference  was  caused  by  the  development  of  a  plastic 
hinge  in  the  stiffener,  the  strain  history  in  Figure  C-15b  was  measured  closer  to  the  plastic  hinge 
than  that  in  Figure  C-15c. 

Figure  C-16  shows  the  early  strain  history  recorded  with  two  strain  gages  positioned  at 
opposite  locations  on  the  inside  and  outside  of  the  same  stiffener  in  test  HY-130  WE4-3.  In  first 
approximation,  the  two  histories  are  symmetrical  with  respect  to  the  time  axis,  implying  that  at  the 
beginning  of  the  experiment,  the  stiffener  was  loaded  mainly  in  bending. 

Besides  providing  some  strain  gage  information  on  specimen  deformation,  tests  HY-130 
WE4-2  and  -3  yielded  deflection  information  that  combined  with  the  deflection  at  fracture  estimated 
from  test  WE4-1,  helped  us  to  bracket  the  loading  conditions  needed  to  cause  partial  fracture  in  the 
next  two  experiments. 

WE4-4  and  -5.  We  selected  Detasheet®  C  thickness  for  tests  HY-1 30  WE4-4  and  -5  to 
induce  partial  fracture  in  the  specimens,  both  of  which  were  tested  with  the  same  charge  thickness 
of  2.54  mm  to  demonstrate  the  reproducibility  of  the  results  and  instrumented  with  only  contact 
pins  and  piezo  pins. 

As  we  anticipated  from  the  previous  test  results,  cracks  began  in  each  experiment,  and  we 
observed  partial  penetration  of  the  plate  at  the  root  of  both  stiffener  welds.  The  posttest 
deformation  of  the  specimens  (Figure  C-17a),  the  extent  of  cracking  (Figure  C-17b),  the  deflection 
histories  (Figure  C-18),  and  the  initial  plate  center  velocities  (187.1  and  192  m/s,  respectively) 
were  almost  identical  for  these  two  experiments.  The  good  reproducibility  of  the  results  is 
demonstrated  in  Figure  C- 17,  which  compares  the  deformed  specimens  after  the  experiments.  The 
final  plastic  deflections  of  the  plate  centers  were  22. 1  and  21.4  mm,  respectively,  and  the 
maximum  deflections  were  24.2  and  23.5  mm.  Because  the  plates  did  not  fracture  completely,  the 
piezo  pins  did  not  produce  a  record. 

From  tests  HY-130  WE4-4  and  -5,  we  obtained  the  following  results: 

•  We  established  the  Detasheet®  C  explosive  thickness  (2.54  mm)  and  hence  the  initial 
plate  velocity  (=190  m/s)  needed  to  induce  partial  plate  fracture  . 

*  The  deflection  of  the  plate  center  at  fracture  was  =24  mm. 
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Figure  C-1 6.  Comparison  of  early  strain  histories  on  interior  and 
exterior  of  stiffener  in  experiment  HY-130  WE4-3. 
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HY130WE4-4 
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(a)  Overall  view 
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Figure  C-17.  Comparison  of  posttest  specimen  deformation  and  fracture  for 
experiments  HY-130  WE4-4  and  -5. 
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HY130WE4-4 
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(b)  Detail  view  of  fracture  region 

HP  2612  108 

Figure  0-1 7.  Comparison  of  post  test  specimen  deformation  arid  fracture  lor 
experiments  HY  130  Wl  <1  4  and  5  (concluded). 
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(a)  HY-130  WE4-4 


TIME  (ps) 

(b)  HY-130  WE*-5 
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Figure  C-1B.  Plate  center  deflection  histories  for  experiments  HY-130  VVE4-4 
and  -5. 
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•  We  demonstrated  that  the  dynamic  fracture  results  arc  reproducible  and  that  we  have 
good  control  of  the  experimented  conditions. 

WR4-6.  In  test  HY-130  WE4-6,  we  chose  the  Detasheet®  C  explosive  thickness  of 
2.98  mm  to  cause  complete  specimen  fracture.  Therefore,  this  test  was  a  verification  of  die 
results  obtained  in  test  WE4  1. 

The  anticipated  fracture  behavior  wa  s  indeed  observed  in  this  specimen,  which  fractured 
completely  at  both  weldment  locations  (Figure  C-19).  The  plate  center  deflection  history  is  shown 
in  Figure  C-20.  The  estimated  initial  velocity  was  216.3  m/s.  By  matching  the  two  pieces  of  the 
specimen  after  the  test,  wc  estimated  that  the  maximum  permanent  deflection  at  the  plate  center  was 
26.3  mm  and  the  maximum  deflection  at  fracture  was  28.5  mm.  This  deflection  is  very  close  to  the 
value  of  the  maximum  deflection  in  Figure  C-20,  suggesting  that  the  plate  had  just  enough  kinetic 
energy  to  drive  the  cracks  through  the  thickness. 

In  test  HY-130  WE4-6,  the  piezo  pins  failed  to  indicate  the  time  of  complete  fracture 
because  of  inappropriate  positioning  with  respect  to  the  strongly  deflected  plate.  To  resolve  this 
problem,  we  adopted  a  tilted  position  for  the  pins  in  the  1/8-scale  experiments. 

From  test  HY-130  WE4-6,  we  obtained  the  following  results: 

•  We  established  the  Detasheet®  C  explosive  thickness  (2.98  mm)  and  hence  the  initial 
plate  velocity  (-220  m/s)  needed  to  induce  complete  plate  fracture. 

•  The  plate  center  deflection  at  fracture  was  -28.5  mm. 

•  The  results  of  the  test  are  in  good  agreement  with  the  results  of  test  HY-130  WE4-1. 

1/8  -Scale  Dynamic  Fracture  Experiments 

We  performed  four  1/8-scale  dynamic  fracture  experiments.  The  first  two  were  invalidated 
by  loading  fixture  deformation  problems  encountered  during  the  experiments.  The  last  two 
established  the  conditions  for  inducing  partial  and  complete  fracture  in  the  1/8-scale.  This 
information,  compared  with  the  corresponding  data  from  the  1/4-scale  experiments,  provided  the 
scaling  rules  for  fracture  under  dynamic  loading  conditions. 

WE8-1  and  -2.  Tests  HY-130  WE8-1  and  -2  were  instrumented  with  eight  contact  pins 
and  two  piezo  pins.  The  explosive  charge  thickness  for  test  WE8-1  was  1 .36  mm  (i.e.,  almost 
exactly  half  the  thickness  needed  to  produce  the  scaled  loading  conditions  for  tests  WE4-4  and  -5). 
Therefore,  we  expected  that  these  loading  conditions  would  result  in  partial  plate  fracture  near  the 
weldment.  However,  although  this  scaled  explosive  charge  resulted  in  significant  specimen 
deformation,  it  did  not  induce  fracture. 
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ib)  Detail  view  of  fiaciure  region. 
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Figure  0-^9.  Poshest  specimen  deformation  for  experiment 
HY -130  WE4-6. 
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Figure  C-21a  shows  the  deformed  specimen  after  die  experiment  The  plate  center 
deflection  history  for  test  HY - 1 30  WE3- I  is  shown  in  Figure  C-22n .  The  initial  velocity  was 

210.5  m/s,  slightly  higher  than  that  of  tests  WE4-4  and  -5.  The  pertmreent  deflection  was 
1 1.4  mm,  and  the  maximum  was  12.45  mm,  consistent  with  those  of  tests  WE4-4  and  5. 

Because  no  fracture  was  produced  in  test  HY  130  WE8-1,  we  increased  the  charge 
thickness  for  test  WE8-2  to  1.65  mm.  This  significantly  larger  charge,  compared  with  those  of 
tests  WE4-4  tltrough  -6.  produced  only  limited  incipient  cracking  in  one  weldment. 

Figures  C-21b  and  c  show  the  deformed  specimen  after  'he  experiment.  The  plate  center 
deflection  history  for  test  HY-130  WE8-2  is  shown  in  Figure  C-??.b.  The  initial  velocity  was 

234.5  m/s,  somewhat  higher  than  that  fer  test  WE4-6.  Hie  permanent  deflection  was  14.3  mm, 
and  the  maximum  was  15.2  mm. 

We  could  explain  the  difference  in  the  fracture  behavioi  of  the  1/8-scale  specimens  HY-130 
WE8-1  and  -2,  compared  with  the  1/4-sca.le  resuits,  in  terms  of  deformations  and  fractures 
sustained  by  the  loading  fixture  during  the  experiments.  Posttest  inspection  revealed  that  clamping 
regions  of  the  specimens  were  more  deformed  than  corresponding  regions  in  trie  1/4-scale 
experiments.  The  nature  and  magnitude  of  these  deformations  are  illustrated  in  Figure  C-/.3.  Ihe 
1/8-scaie  specimens  were  more  deformed  than  the  1 /4-scale  because  the  1/8  -scale  bolts  used  to 
clamp  the  specimens  to  the  die  were  weaker  than  the  i/4-scale  twits  and  therefore  were  more 
readily  deformed  .md  sheared.  Several  bolts  actually  fractured  during  test  WE8-2. 

As  a  result  of  the  weaker  damping  of  the  base  plate  in  the  1/8-scale  experiments,  the 
membione  stresses  induced  in  the  specimen  were  lower  at  a  given  plate  deflection.  Tnus,  the 
loading  in  the  wddn.er.t  region  was  less  severe,  and  larger  deflections  were  required  to  induce 
incipient  damage  in  the  specimen.  To  alleviate  this  problem,  we  rebuilt  the  yokes  of  the  loading 
fixture  from  stronger  hardened  4340  steel,  and  in  the  next  experiments  wc  used  stronger,  larger 
diameter  belts  to  damp  the  specimen  base  plate  to  the  support  die., 

Although  they  did  not  produce  useful  data  to  establish  a  scaling  rule  for  dynamic  fracture  of 
HY-130  steel  weldments,  tests  WE8-  i  and  -2  clearly  illustrated  the  significant  influence  of  the 
clamping  conditions  and  resulting  membrane  stresses  op  weldment  fracture, 

WE8-3-  Test  KY-130  WE8-3  was  performed  with  the  modified  loading  fixture,  which 
guaranteed  belter  constraint,  of  the  plate  membrane  deformation.  The  specimen  was  instrumented 
with  eight  contact  p:ns  and  two  inclined  piezo  pins.  V/e  loaded  the  specimen  with  1.65-mm-thick 
Detasheet®  C,  the  same  thickness  t«s  that  used  for  specimen  WE8-2  and  in  about  1 1  percent  more 
than  half  tike  explosive  thickness  that  produced  complete  fracture  in  the  1/4-scale  specimen  WE4-6. 
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fb)  HY-130  WE8-2,  overail 


(C)  HY-130  WE8-2,  detail 

RP-2612  112 


Figure  C-21 .  Posttest  specimen  deformation 
for  experiments  HY-130  WE8-1 
and  -2 
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Figure  C-22.  Plate  center  deflection  histories  for  experiments 
HY-130  WE8-'i  <  nd  -2. 
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This  experiment  induced  complete  fracture  at  both  stiffener  weldments.  Figure  C-24 
shows  the  specimen  after  the  experiment.  The  center  plate  deflection  history  for  specimen  HY-130 
WE8-3  is  shown  in  Figure  C-25.  The  initial  velocity  was  234.2  m/s,  and  the  reconstructed  plastic 
deflection  after  the  experiment  was  13.5  mm,  almost  exacdy  half  the  value  from  the  corresponding 
1/4-scale  test  WE4-6.  The  corresponding  total  deflection  was  14.3  mm. 

The  time  of  contact  of  the  specimen  plate  with  the  piezo  pins  indicated  that  complete 
fracture  occurred  between  66  and  89  ps  and  at  a  center  plate  deflection  between  1 1.5  and  14.5  mm. 
This  latter  value  was  consistent  with  the  estimate  of  the  deflection  at  fracture  based  on  posttest 
measurements. 

From  test  HY-130  WE8-3  we  obtained  the  following  significant  results: 

•  With  the  proper  loading  fixture  strength,  we  demonstrated  that  an  explosive  charge 
scaled  from  a  1/4-scale  experiment  in  which  complete  fracture  occurred  also  induces 
complete  fracture  in  the  1/8-scale  experiment. 

•  The  reconstructed  maximum  deflection  of  the  fractured  1/8-scale  specimen  plate 
normalized  by  the  plate  thickness  was  almost  equal  to  the  normalized  deflection 
reconstructed  for  the  corresponding  fractured  1/4-scale  specimen  HY-130  WE4-6. 

WE8-4.  Test  HY-130  WE8-4  was  also  performed  with  the  modified  loading  fixture.  The 
specimen  was  instrumented  with  eight  contact  pins  and  two  inclined  piezo  pins  and  loaded  with 
L36-mm-thick  Detasheet®  C.  This  thickness  was  the  same  as  that  used  for  specimen  WE8-1  and 
about  7  percent  more  than  half  the  explosive  thickness  that  produced  partial  fracture  in  the  1/4-scale 
specimens  WE4-4  and  -5. 

In  this  experiment,  partial  fracture  was  induced  at  the  root  of  both  stiffeners.  Figure  C-2,6 
shows  the  specimen  after  the  experiment.  The  plate  center  deflection  history  is  shown  in  Fig¬ 
ure  C-27  and  is  similar  to  that  for  test  HY-130  WE8-1.  The  initial  velocity  was  227.4  m/s,  which 
seems  high  compared  with  that  for  test  WE8-1.  The  measured  plastic  deflection  after  the 
experiment  was  1 1.6  mm,  and  the  maximum  was  12.6  mm,  only  slightly  higher  than  half  the 
value  from  the  corresponding  1/4- scale  tests  WE4-4  and  -5. 

From  test  HY-130  WE8-4  we  obtained  the  following  significant  results: 

•  With  the  proper  loading  fixture  strength,  we  demonstrated  that  an  explosive  charge 
scaled  from  a  1/4-scale  experiment  in  which  partial  fracture  occurred  also  induces  partial 
fracture  in  a  1/8-scale  experiment. 

•  The  maximum  deflection  of  the  partially  fractured  1/8-scale  specimen  plate  normalized 
by  the  plate  thickness  was  almost  equal  to  the  normalized  deflection  reconstructed  for  the 
corresponding  fractured  1/4-scale  specimens  HY-130  WE4-4  and  -5. 
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(b)  Detail  view  of  fracture  region 

RP-261 2-1 14 

Figure  C-24.  Posttest  specimen  deformation  tor  experiment  HY-130  WE8-3. 
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Figure  C-25.  Plaie  center  defection  history  for  experiment  HY-130  WE8-3. 
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(a)  Overall  view 
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(b)  Detail  view  ot  fracture  region 
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Figure  C-26.  Posttest  specimen  deformation  for  experiment  HY-130  WE8-4 
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Figure  C-27.  Plate  center  deflection  history  for  experiment  HY-13Q  WEtM. 
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We  used  the  normalization  parameters  defined  in  Equations  (C-l)  through  (C-3)  to 
normalize  the  results  of  the  dynamic  fracture  experiments.  In  Equation  (C-3)  we  used  a  value  of 
a  =  0.645  determined  from  the  plot  of  the  experimental  Vo  versus  Vo  predicted  by  Equa¬ 
tion  (C-3),  with  a  value  of  a  -  1 .0.  The  regression  is  shewn  in  Figure  C-28  and  indicates  a 
reasonably  linear  fit  of  the  relationship  between  experimental  and  theoretical  Vo. 

The  normalized  plate  center  deflection  histories  for  till  dynamic  fracture  experiments  on 
HY-130  steel  weldments  are  shown  in  Figure  C-29.  Figure  C-29a  shows  the  data  normalized 
using  the  experimentally  determined  initial  plate  center  velocity  in  Equations  (C-l)  and  (C-2). 
Because  the  time  normalization  depends  on  Vo  and  the  deflection  normalization  depends  on  Vq2, 
the  normalized  deflection  histories  will  be  significantly  affected  by  errors  in  estimating  the  initial 
plate  center  velocity. 

In  an  attempt  to  eliminate  the  uncertainty  in  the  value  of  the  initial  velocity,  we  also 
normalized  the  data  using  Vq  calculated  from  Equation  (C-3)  with  a  =  0.645.  This  approach  is 
equivalent  to  normalizing  the  data  directly  by  the  explosive  thickness,  which  is  the  variable  we 
control  directly  in  the  experiments.  The  results  of  this  second  normalization  are  shown  in  Fig¬ 
ure  C-29b.  Normalizing  with  Vo  from  Equation  (C-3)  yielded  significantly  smoother  normalized 
data.  In  Figure  C-29,  we  have  included  curve  fits  to  the  normalized  data  for  experiments  HY-130 
WE4-2,  -3,  and  -4  and  WE8-2. 

From  Figure  C-29  we  made  the  following  observations.  The  normalized  deflection 
histories  for  all  the  experiments  collapsed  on  the  same  curve  for  early  times,  whereas  the  histories 
for  experiments  with  different  initial  velocities  tended  to  diverge  at  later  times.  The  normalization 
with  Vq  calculated  from  Equation  (C-3)  (Figure  C-29b)  suggests  that  the  normalized  data  could  fall 
into  two  sets.  The  first  set  contains  tests  HY-130  WE4-2  and  ■■?.,  which  were  performed  at  the  two 
lowest  velocities.  We  fitted  a  single  curve  to  the  normalized  dam  from  these  two  experiments 
(upper  curve  in  Figure  9  of  the  report),  although  it  was  not  clear  whether  a  single  curve  fit  was 
appropriate.  The  second  set  contains  all  the  other  experiments,  which  were  performed  at  higher 
initial  plate  center  velocities.  All  »he  data  points  for  this  set  appear  to  group  around  a  single  curve 
(lower  curve  m  Figure  9  of  the  report)  given  by  the  equation 

dNORM  -  -2.4734  x  1(H  +  0.99973  tN0RM  -  8.8745  Onorm)2  (C-5) 

The  implications  of  these  observations  for  understanding  the  specimen's  structural  response  are 
discussed  in  the  next  section. 
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Figure  C-28.  Estimation  of  parameter  a  from  the  predicted  and  measured 
values  of  Vq. 
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DISCUSSION 

The  discussion  in  this  section  first  focuses  on  the  analysis  method  for  the  dynamic  fracture 
experiments  and  on  few  accurate  and  reproducible  the  results  are.  We  then  discuss  the  implication 
of  the  results  for  scaling  HY-13G  steel  weldments  under  dynamic  loading  conditions. 


JjisiAnalYSSs 

Assessment  of  the  Improved  Data  Reduction  Procedure.  The  purpose  of  the  improved  data 
reduction  procedure  was  to  improve  die  consistency  of  the  deflection  histories  and  to  guarantee  that 
the  maximum  specimen  deflection  predicted  by  the  polynomial  fit  to  the  experimental  data  matched 
the  deflection  values  obtained  by  poshest  measurements  of  the  specimen. 


Comparing  the  deflection  historic?  for  the  raw  and  corrected  data  demonstrates  that  a 
mouotonic  ranking  of  initial  velocities,  deflection  histories,  and  maximum  deflections  with 
explosive  thickness  was  achieved  with  the  improved  data  reduction  procedure.  This  monotonic 
ranking  was  not  achieved  when  plotting  the  raw  data,  significant  improvements  were  introduced 
in  die  deflection  histories  for  test  HY-130  WH4  A  anu  tne  1/8-scale  experiments.  The  latter  were 
affected  more  by  the  improved  data  reduction  procedure,  suggesting  that  the  deflection 
measurements  were  less  reliable  in  those  experiments.  This  observation  is  not  surprising,  because 
the  deflections  were  two  times  smaller  than  those  in  the  1/4-scale  experiments,  whereas  the 
accuracy  of  the  measurements  remained  the  same  because  the  measurement  system  was  the  same. 


The  improved  data  reduction  procedure  reties  on  the  posttest  measurement  of  the  permanent 
deflection  and  on  an  estimate  of  the  elastic  deflection  obtained  from  finite  element  simulations.  In 
three  cases  (tests  HY-130  WE4-2,  WE3-1,  and  WE8-4)  the  posttest  maximum  deflection  estimates 
fell  slightly  below  the  maximum  deflection  measured  in  the  experiment.  This  discrepancy  may  be 
due  to  die  uncertainty  either  of  the  expe  ‘mental  measurements  or  in  estimating  the  elastic 
component  of  the  deflection  with  the  finite  element  analysis,  which  analysis  may  underestimate  the 
actual  elastic  component  of  the  deflection  (see  Appendix  D).‘ 


procedure  for  the  experimental  data  on  the  analysis  and  assumptions  underlying  Equations  (C-l) 
through  (C-3).  It  is  therefore  important  to  verify  that  the  results  of  the  experiments  are  indeed 
consistent  with  the  analysis  and  assumptions.  The  normalized  maximum  plate  center  deflections 
measured  in  experiments  with  either  no  fracture  or  only  partial  fracture  arc  plotted  in  Figure  C-3G 
as  a  function  of  the  nonndized  explosive  thickness,  along  with  a  linear  fit  to  the  experimental  data. 


*For  example,  die  boundary  conditions  sssuiried  in  the  simulations  were  probably  more  rigid  than  those  actually 
prevailing  at  the  specimen  plate  and  stiffener  edges. 
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Figure  C-30.  Normalized  experimental  maximum  center  plate  deflection  as  a 
function  of  normalized  explosive  thickness  (normalization  by 
specimen  plate  thickness). 
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We  normalized  explosive  thickness  and  deflection  by  the  specimen  plate  thickness.  The  figure 
shows  tlm  overall,  the  predicted  linear  relationship  between  maximum  center  plate  deflection  and 
explosive  thickness  is  well  borne  out  by  the  experimental  data.  However,  the  experiments 
performed  with  the  smallest  explosive  thicknesses  (tests  HY- 130  WE4-2  and  -3)  have  about 
20  percent  higl  or  measured  maximum  deflections  than  predicted  by  the  lineat  fit. 

Figure  C-3 1  plots  the  experimental  initial  plate  center  velocity  as  a  function  of  the 
normalized  explosive  thickness,  along  with  the  parabolic  curve  predicted  by  Equation  (C-3),  with 
ct  --  0.645.  Overall,  the  experimental  data  agree  well  with  the  predicted  velocity,  with  a  maximum 
deviation  of  no  more  than  13.3  percent  (Table  C-4) 

Although  the  comparisons  of  predicted  ar.d  measured  data  are  nor  a  completely  independent 
verification  of’ the  correctness  of  the  analysis  (e.g.,  a  was  evaluated  using  the  experimental  data), 
they  nevertheless  demonstrate  the  consistency  of  the  analysis  and  the  experimental  results. 

Accuracy  of  Initial  Velocity  Estimates.  The  initial  plate  center  velocity  is  an  essential 
experimental  parameter,  because  we  use  this  velocity  to  prescribe  the  initial  conditions  in  finite 
dement  simulations  of  the  dynamic  fracture  experiments.  Therefore,  it  is  important  to  obtain  an 
estimate  of  the  uncertainty  of  the  values  of  the  initial  velocities. 

We  applied  three  approaches  in  evaluating  the  uncertainties  in  the  measured  velocities.  In 
the  first,  we  compared  the  measured  and  predicted  velocities  and  used  the  difference  us  an  estimate 
of  the  uncertainty  in  the  initial  velocity  values.  As  discussed  above,  this  difference  was  smaller 
than  »14  percent  in  all  the  experiments.  In  the  second  approach,  we  compared  the  velocity 
estimates  obtained  from  the  polynomial  fits  to  (1)  the  raw  experimental  data  and  (2)  the  corrected 
data  (columns  4  and  5  in  Table  C-3).  Taking  this  difference  as  an  estimate  of  the  uncertainty  in  the 
initial  velocity,  we  conclude  that  the  initial  velocities  are  measured  to  better  than  ~12  percent. 


TABLE  C-4.  COMPARISON  OF  PREDICTED  AND  MEASURED  INITIAL  PLATE  CENTER  VELOCITIES 
HY-I30  Specimen  No.  Vp  from  Eq.  (C-3)  (m/s)  Vp  Experimental  (m/s)  %  Deviation  from  Eq.  (C-3) 


WE4-1 

223.1 

WE4-2 

132.2 

WE4-3 

162.2 

WE4-4 

202.7 

WE4-5 

202.7 

WE4-6 

219.6 

WE8-1 

209.8 

WE8-2 

231.1 

WE8-3 

231.1 

WE8-4 

209.8 

224.5 

-0.7 

114.6 

13.3 

142.3 

12.2 

187.1 

7.7 

192.0 

5.2 

216.3 

1.5 

210.5 

-0.3 

234.9 

-1.7 

234.2 

-1.3 

227.4 

•8,4 
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Figure  C-3  J .  Comparison  of  predicted  and  mefmred  initial  o  ate  center 

velocity  dependence  on  the  normalized  explosive  thickness. 


C-52 


NAVSWCTR90  360 


A  third  and  probably  better  estimate  of  the  uncertainty  in  initial  velocity  can  be  obtained  by 
comparing  the  initial  velocity  for  two  experiments  performed  with  the  same  thickness  of  sheet 
explosive.  We  can  perform  this  comparison  for  tests  HY-130  WE4-4  and  -5,  WE8-1  and  -4,  and 
WE&-2  and  -3.  The  difference  in  velocities  for  each  set  of  experiments  is  smaller  than  8  percent . 
Therefore,  assuming  that  differences  in  initial  velocity  car,  be  attributed  entirely  to  measurement 
errors  and  not  to,  say,  differences  in  explosive  yield  or  plate  material  properties,  we  estimate  that 
the  initial  velocities  are  measured  to  within  8  percent. 

On  the  basis  of  this  estimate,  we  conclude  that  die  measurement  accuracy  on  the  initial 
velocity  is  on  the  order  of  ±10  percent  or  better. 

Reproducibility  of  Experiments  and  Effect  of  Experimental  Setup-on  Fracture  Initiation.  In 
the  preceding  discussion,  we  showed  that  for  a  given  explosive  thickness  and  specimen  scale,  the 
initial  plate  center  velocities  were  quite  reproducible.  Furthermore,  tests  HY-130  WE4-4  and  -5 
demonstrate  that  the  specimen  deformation  and  fracture  can  be  faithfully  reproduced  from  test  to 
test.  The  results  of  tests  WE8-1  and  -4  and  WE8-2  and  -3  indicate  that  the  plate  center  deflection 
histories  are  also  quite  reproducible,  although  the  attachment  conditions  and  the  deformation  of  the 
plate  edges  were  different 

The  loading  arrangement  can  have  a  profound  influence  on  fracture  onset ,  if  not  on  the 
overall  specimen  deformation,  and  we  will  need  to  control  them  with  considerable  care  in  future 
experiments.  A  more  quantitative  evaluation  of  these  loading  fixture  effects  could  be  fairly  easily 
obtained  by  performing  more  dynamic  finite  element  simulations  in  which  some  degree  of 
compliance  is  introduced  in  the  plate  and  stiffener  clamping  and  attachment  regions. 

A  good  understanding  of  tne  specimen  deformation 
response  is  important  in  evaluating  the  fracture  behavior  of  weloments  and  planning  new 
experiments.  The  normalized  center  plate  deflection  histories  in  Figure  C-29  suggest  that  a  single 
normalized  curve  may  describe  at  least  the  early  part  of  the  specimen  deformation  history.  For  later 
times  the  situation  is  less  clear,  because  we  observe  at  least  two  groupings  of  the  curves  and  we 
must  consider  several  possibilities. 

First,  it  is  possible  that  for  each  explosive  thickness  (or,  equivalently,  for  each  initial  plate 
center  velocity)  there  is  a  different  deformation  mode  and  hence  a  different  normalized  plate  center 
deflection  history.  According  to  this  interpretation  and  considering  die  set  of  data  normalized  using 
the  experimental  initial  velocity,  all  the  normalized  deflection  histories  would  still  be  well 
represented  by  second-order  polynomials,  but  the  normalized  maximum  deflections  would 
decrease  with  increasing  initial  velocity. 
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Alternatively,  only  two  deformation  modes  may  be  active  in  the  specimens,  one  for  low 
initial  velocities  (tests  HY-130  WE4-2  and  -3)  and  one  for  high  initial  velocities  (all  the  other 
experiments).  These  two  deformation  modes  might  correspond  to  one  regime-at  low  initial 
velocities  and  for  small  resulting  maximum  defleciions--where  the  deceleration  of  the  plate  motion 
is  effected  predominantly  by  the  bending  moments,  and  to  a  second  regimc--at  higher  initial 
velocities-where  the  membrane  stresses  would  be  mainly  responsible  for  slowing  down  the  plate 
motion.  This  interpretation  would  account  for  the  agreement  of  all  the  curves  at  small  normalized 
times,  because  the  early  deformation  would  be  controlled  mainly  by  the  bending  of  the  plate. 

A  third  possibility  is  that  the  difference  in  the  normalized  deflection  histories  for 
experiments  HY-130  WE4-2  and  -3  was  due  to  differences  in  experimental  conditions,  such  as  the 
clamping  arrangement  of  the  specimen  plate  and  stiffener.  Indeed,  measurements  of  the 
deformation  of  the  specimens  tested  in  these  two  experiments  indicated  that  the  plate  immediately 
under  the  stiffener  deflected  significandy  more  (=1  mm)  than  in  other  experiments  (compare 
Figures  C-13  and  C-17a).  This  deflection  under  the  stiffeners  suggests  that  they  were  not  as 
rigidly  attached  to  the  yokes  as  in  the  other  experiments. 

The  finite  element  simulations  of  the  dynamic  fracture  experiments  (Appendix  D)  suggest 
that  the  first  of  these  three  inteipretation  may  be  the  correct  one.  However,  more  work  is  needed  to 
clarify  this  point.  We  recommend  more  detailed  posttest  measurements  of  the  plate  deformations 
and  additional  finite  element  simulations  of  the  experiments  in  which  we  vary  the  boundary 
conditions  for  the  specimen.  More  experiments  with  initial  velocities  lower  than  150  m/s  may  also 
provide  some  clarification. 

Overall  Evaluation  of  Dynamic  Fracture  Experiments.  In  analyzing  and  evaluating  the 
dynamic  fracture  experiments,  we  took  a  somewhat  simplistic  "one-dimensional"  approach, 
focusing  on  the  measurement  of  the  plate  center  deflection.  The  preceding  considerations  and  the 
finite  element  simulations  described  in  Appendix  D  indicate  that  this  approach  provides  a  good 
description  c  f  the  experiments,  although  we  still  need  to  clarify  some  uncertainties  about  the  details 
of  the  specimen  deformation.  In  particular,  we  measured  the  plate  center  initial  velocity  to  within 
10  percent  or  better.  Our  ability  to  measure  the  initial  plate  center  velocity  reliably  is  an  important 
result  because  we  used  this  measured  velocity  as  initial  condition  for  the  finite  element  simulations 
of  the  experiments  (see  Appendix  D).  Moreover,  the  normalized  deflection  histories  can  guide 
selection  of  the  proper  loading  conditions  for  future  experiments  with  other  materials  or  with 
different  scales  and  specimen  thicknesses. 
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Fracture  Scaling  Rule 

To  derive  fracture  scaling  rules  from  the  results  of  die  dynamic  experiments  we  need  to 
define  the  fracture  events  we  want  to  consider  and  the  loading  and  deformation  parameters  that  lead 
to  these  events. 

The  dynamic  nature  of  these  experiments  made  monitoring  the  crack  initiation  and  the 
extension  phase  much  more  difficult  than  during  the  static  experiments.  Therefore,  we  chose  to 
bracket  the  explosive  thickness  needed  to  produce  incipient  fracture  on  the  one  hand  and  complete 
fracture  on  die  other.  We  then  defined  the  loading  conditions  in  terms  of  explosive  thickness  or  of 
initial  plate  center  velocity,  Vo.  We  relied  primarily  on  post-test  observations  to  estimate  the 
deflection  at  which  fracture  initiated. 

In  evaluating  the  fracture  scaling  rule,  we  compared  the  conditions  needed  to  produce 
partial  fracture  in  tests  HY-130  WE4-4  and  -5  to  those  conditions  in  test  HY-130  WE8-4; 
similarly,  we  compared  the  conditions  to  produce  complete  fracture  in  tests  WE4-1  and,  more 
important,  WE4-6  to  those  in  test  WF.8-3.  The  fracture-controlling  parameters  for  these 
experiments  are  compared  in  Table  C-5.  The  explosive  thickness  and  the  deflection  "at  fr  acture" 
were  normalized  by  the  specimen  plate  thickness.  The  deflection  "at  fracture"  was  obtained  from 
the  posttest  measurements  by  adding  an  estimate  of  the  elastic  comoonent  of  the  deflection. 


TABLE  C-5.  FRACTURE  CONTROLLING  PARAMETERS  FOR  EXPERIMENTS 
WITH  INCIPIENT  OR  COMPLETE  FRACTURE 

HY-130  Normalized  Experimental  Initial  Normalized 

Specimen  Explosive  Velocity  Deflection  "at  Extent  of 

No. _  Thickness  (m/s) _ Fracture" _  Fracture 


WE4-4 

0.2000 

187.1 

Partial 

WE4-5 

0.2000 

192 

1.85 

Partial 

WE8-4 

0.2142 

227.4  (?) 

1.98 

Partial 

WE4-1 

0.2421 

224.5 

1.90 

Complete 

WE4-6 

0.2346 

216.3 

2.24 

Complete 

WE8-3 

0.2598 

234.2 

2.25 

Complete 

With  our  current  understanding  of  the  experiments,  it  is  not  possible  to  establish  exactly  to 
what  event  in  the  fracture  process  the  deflection  "at  fracture"  corresponds.  Comparing  the 
deflections  for  specimens  in  which  partial  and  complete  fracture  occurred  suggests  that  the  plate 
center  continues  to  be  plastically  deformed  even  after  a  crack  begins  in  the  weldment  region. 
Therefore,  we  cannot  identify  the  reconstructed  deflection  "at  fracture"  as  that  at  the  beginning  of  a 
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macrocrack  in  the  plate  that  would  freeze  deformation  elsewhere,  as  we  did  in  analyzing  the  static 
fracture  experiments. 

The  fracture-controlling  parameters  are  further  compared  in  Figure  C-32,  which  plots  the 
normalized  maximum  deflection  achieved  at  the  plate  center  as  a  function  of  die  normalized 
explosive  thickness.  In  this  figure  we  also  delineated,  using  the  experimental  results,  domains 
corresponding  to  paTtial  and  complete  fracture,  respectively.  The  results  in  Table  C-5  and  Fig¬ 
ure  C-32  indicate  that  in  first  approximation  and  on  the  basis  of  the  sparse  available  data,  dynamic 
fracture  of  the  1/8-  and  1/4-scale  HY-130  steel  T-weldinents  followed  replica  scaling.  Therefore, 
the  conclusions  drawn  from  the  static  fracture  experiments  are  substantiated  by  the  dynamic 
fracture  results,  although  loading  rates  and  conditions  were  vastly  different. 

More  experiments  to  provide  verification  of  this  conclusion  are  desirable,  because  the 
results  for  partial  and  complete  fracture  of  the  1/8-scale  experiments  fall  slightly  to  the  right  of  the 
1/4 -scale  experiments  and  could  indicate  a  small  scaling  effect  if  more  data  were  available. 

Comparing  Deflection  at  Fracture  for  Dynamic  and  Static  Fracture  Experiments.  In  the 
static  fracture  experiments,  fracture  began  at  a  normalized  plate  deflection  of  about  2  5.  Table  C-5 
shows  that  an  upper-limit  normalized  deflection  for  the  beginning  of  d>  namic  fracture  is  approxi¬ 
mately  1.9  for  a  specimen  half  span  comparable  to  that  in  the  static  experiments.  The  difference  in 
deflection  is  probably  due  to  two  factors:  (1)  the  difference  in  loading  mode  (bending  and  shear 
only  in  the  static  experiments;  and  bending,  shear,  and  tension  in  the  dynamic  experiments),  and 
(2)  a  difference  of  many  orders  of  magnitude  in  loading  rate.  Considering  our  experience  in  tests 
HY-130  WE8-1  and  -2,  we  believe  that  the  former  factor  is  more  important  in  reducing  the 
deflection  at  fracture.  This  conclusion  is  supported  by  the  results  of  preliminary  finite  element 
simulations  of  the  dynamic  fracture  experiments,  which  indicate  that  despite  the  large  difference  in 
loading  rate,  estimates  of  the  fracture  strains  in  the  weld  toe  region  are  consistent  with  the  fracture 
strains  in  the  static  fracture  experiments, 

CONCLUSIONS 

The  results  of  the  dynamic  fracture  experiments  and  their  analysis  demonstrate  that  we  have 
developed  a  reliable  testing  procedure  for  investigating  the  dynamic  fracture  of  T-weldments.  V/e 
can  measure  the  initial  specimen  plate  center  velocity  to  within  10  percent  or  better.  Tills 
information  provides  adequate  initial  conditions  for  a  faithful  finite  element  simulation  of  the 
experiments. 
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Figure  C-32.  Fracture  envelope  for  HY-1 30  steel  weldments  established  on 
the  basis  of  the  dynamic  fracture  experiments. 

(Dashed  straight  line  represents  predicted  maximum  deflection  in  the 
absence  of  fracture.) 
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Wt;  also  gained  a  good  understanding  of  the  specimen  structural  response.  In  particular  we 
established  the  dependence  of  the  initial  plate  center  velocity,  the  maximum  deflection  on  test 
parameters  such  as  explosive  type  and  thickness,  and  specimen  and  tamping  material  properties 
and  dimensions. 

With  the  dynamic  fracture  test  procedure  we  established  with  good  reliability  the  range  of 
explosive  thicknesses  (or  initial  velocities)  needed  to  induce  partial  or  complete  fracture.  We 
demonstrated  that  the  fracture  mode  produced  in  the  experiments  is  similar  to  that  observed  in  the 
static  fracture  experiments  and  in  corresponding  large-scale  structures.  More  important,  we 
demonstrated  that,  in  first  approximation,  fracture  of  1/8-  and  1/4-scale  HY-130  steel  weldments 
under  dynamic  loading  follows  replica  scaling. 
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APPENDIX  D 


MODELING  HY-139  STEEL  WELDMENT  FRACTURE 
AND  FINITE  ELEMENT  SIMULATIONS 


INTRODUCTION 

This  appendix  describes  the  analytical  work  performed  in  support  of  the  weldment  fracture 
experiments  and  focused  primarily  on  developing  and  implementing  a  weldment  model  capable  of 
simulating  the  fractures  observed  during  the  experimental  part  of  the  program.  We  also  performed 
finite  element  simulations  of  tir  dynamic  fracture  experiments  to  evaluate  the  structural  response  of 
the  specimen  and  to  calculate  the  deformation,  strain,  and  strain  rates  in  the  weldment  during  the 
experiment.  Finally  we  performed  a  static  elastoplastic  analysis  of  crack  growth  in  HY-130  steel 
specimens  to  estimate  the  magnitude  of  nonscaling  effects  during  crack  growth  and  to  compare  the 
energy  needed  to  extend  the  crack  with  that  needed  for  nucleation. 

The  objectives  and  intended  applications  of  the  weldment  model  are 

•  To  guide  the  interpretation  of  the  fracture  experiments  by  providing  the  stress  and  strain 
distributions  in  the  regions  where  fracture  occurred. 

•  To  provide,  a  more  quantitative  evaluation  of  the  crack  growth  phase  of  fracture  and  the 
nonscaling  effects  potentially  associated  with  crack  growth. 

•  To  provide  a  theoretical  justification  and  rationale  for  the  empirical  scaling  rules  derived 
from  the  experimental  results.  A  theoretical  interpretation  of  the  experimental  results  is 
an  essential  step  in  the  safe  application  of  the  empirical  scaling  law  to  full-scale 
weldments  not  experimentally  investigated  in  the  present  program. 

•  To  serve  as  a  basis  for  generalizing  the  empirical  scaling  rules  to  weldments  prepared  by 
welding  processes  other  than  the  GTAW  process  used  in  this  investigation,  which  may 
have  different  fracture  properties. 

•  To  guide  the  choice  of  an  appropriate  severity  parameter  to  describe  critical  fracture 
conditions  in  the  Naval  Surface  Warfare  Center  (NAVSWC)  statistical  fracture  model. 

•  To  provide  a  tool  for  investigating  statistical  effects  on  weldment  fracture. 

•  To  aid  the  design  of  scale-model  experiments  using  specimens  with  machined  rather  than 
welded  stiffeners,  in  which  geometric  scaling  of  the  stiffener-plate  joint  fracture  is 
enforced  by  introducing  appropriate  stress  concentrations. 
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The  weldment  fracture  model  developed  in  this  program  consists  of  three  parts:  (1)  a 
geometric  and  strength  model  of  the  weldment  representing  the  various  regions  and  strength 
gradients  observed  in  the  weld  characterization  task  using  metallographic  cross  section  (see 
Appendix  A);  (2)  a  local  fracture  model  that  predicts  when  a  small  deformed,  stressed  volume  of 
weldment  material  fails  and  loses  its  strength;  and  (3)  a  finite  element  discretization  of  the 
weldment  incorporating  the  other  two  models.  In  this  study,  we  used  the  implicit  finite  element 
code  NIKE2Dd'1  and  the  explicit  finite  element  code  DYNA2Dd"2  for  simulation  of  the  static  and 
dynamic  fracture  experiments. 

The  objectives  of  the  modeling  effort  are  quite  ambitious,  and  significant  developments  are 
still  needed  to  provide  the  desired  degree  of  confidence  in  the  weldment  fracture  model. 
Nonetheless,  it  will  be  shown  below  that  the  model  has  been  developed  enough  to  demonstrate 
clearly  its  promising  capabilities  and  usefulness.  In  the  following  sections  we  discuss  each  part  of 
the  model  and  present  the  results  of  initial  simulations,  with  and  without  the  local  fracture  model  of 

the  weldment  fracture  experiments. 

« 

WELDMENT  FRACTURE  MODEL 
Model  of  Weldment  Geometry  and  Strength 

We  based  our  model  of  the  weldment  geometry  on  the  metallographic  observations  reported 
in  Appendix  A  (see  Figures  A- 14  through  A- 16). 

The  investigation  of  trial  1/8  -,  1/4-,  and  1/2-scale  GTAW  weldments  indicates  that  the 
width  of  the  resulting  heat- affected  zone  (HAZ)  is  more  or  less  constant  and  independent  of  weld¬ 
ment  scale.  The  weld  bead  in  the  1/2-scale  weld  is  proportionally  smaller  than  that  in  the  1/8-  or 
1 /4-scale  weldments.  The  hardness  maps  also  indicate  a  significant  strength  gradient  across  the 
weldments.  The  HAZ  and  the  weld  metal  (WM)  have  a  strength  up  to  20  percent  higher  and 
lower,  respectively,  than  the  base  metal  (BM).  The  gradient  in  hardness,  and  therefore  in  strength, 
tends  to  increase  with  decreasing  weldment  scale. 

Guided  by  these  experimental  observations,  we  propose  thr  simple  model  for  the  weldment 
illustrated  in  Figure  D-l.  We  divided  the  weldment  into  three  regions:  the  WM,  the  HAZ,  and  the 
BM.  We  assumed  simple  shapes  for  each  weldment  region  and  symmetry  around  the  stiffener 
axis.  We  characterized  the  geometry  and  dimensions  of  each  region  with  the  parameters  indicated 
in  Figure  D-L  In  particular,  we  kept  tHAZ.  the  thickness  of  tht  HAZ  constant,  consistent  with  the 
metallographic  observations.  This  constant  tHAZ  is  a  nonscaling  parameter  that  may  introduce 
nonscaling  effects  in  simulations  of  the  weldment  fracture.  The  height,  Hwm,  and  the  angle  9,  of 
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Figure  D-1 .  Model  of  weldment  geometry  and  strength. 
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the  weld  bead,,  are  two  other  important  parameters  that  cun  be  varied  to  reflect  observed  differences 
in  the  weld  bead  geometry,  among  specimens  of  either  the  same  scale  or  different  -scales. 

Different  material  properties  can  then  be  assigned  to  each  cS  the.  three  material  regions.  In 
first  approximation,  we  assumed  homogeneous  and  isotropic  material  properties  within,  each 
region.  However,  it  would  be  relatively  easy  to  subdivide  each  region  into  smaller  zones  to 
introduce  gradients  in  material  properties  within  each  zone  and  hence  model  more  closely  the  actual 
weldments.0'3  We  assigned  to  the  HAZ  a  stress-strain  curve  equal  to  that  cf  the  RM  multiplied  by 
a  factor  of  1 .2.  Similarly,  we  assigned  to  the  WM  a  stress-strain  curve  equal  to  that  of  the  3M 
multiplied  by  a  factor  of  0.8.  We  also  varied  the  fracture  properties  of  the  weldment  regions  by 
changing  parameters  in  the  local  fracture  model,,  as  discussed  beiow. 


Local  Fracture  Model 

A  sound  weldment  does  not,  in  principle,  contain  a  single  large  macroscopic  crack. 
Therefore,  fracture  mechanics  theories  such  as  linear  elastic  fracture  mechanics  (LEFM),  based  on 
the  stress-intensity  factor  concept,  and  elastoplastic  fracture  mechanics  (EPFM),  based  cn  the  J- 
integral  concept,  are  not  suitable  for  making  fracture  predictions  in  weldments.  Rather,  one  must 
resort  to  material  dan  , age  models  or  to  so-called  local  fracture  models.04  0'7  In  this  research 
program,  we  adopted  what  is  probably  the  simplest  local  fracture  criterion  still  adequate  to  perform 
simulations  of  the  fracture  experiments 

Fractographic  studies  have  established  that  in  the  temperature  range  corresponding  to  the 
structural  applications  pertinent  to  this  investigation,  HY-130  steel  fails  microscopically  by  the 
nucleation,  growth,  and  coalescence  of  voids  (see  Appendix  A).  This  mechanism  is  also  often 
called  microscopically  ductile  fracture.  A  detailed  review  of  the  mechanisms  governing  the  kinetics 
of  microvoid  nucleation,  growth,  and  coalescence  is  beyond  the  scope  of  this  report.  It  suffices  to 
mention  that  at  low  strain  rates,  the  rate  of  void  growth  is  controlled  by  the  plastic  strain  and  is  also 
strongly  dependent  on  the  state  of  stress,  as  measured  by  the  ratio  of  mean  stress,  CTmcan.  to 
effective  stress,  Ocff.*  On  the  basis  of  these  observations,  several  ductile  fracture  criteria  have 
been  proposed.0'8»°-9,D-ll,D-l2 

Here,  we  selected  a  formulation  of  the  ductile  fracture  criterion  proposed  by  Mudry0'7  on 
the  basis  of  observations  by  MacKcnzie  et  al.°"113  According  to  this  formulation,  failure  of  a 
material  dement  of  a  characteristic  size  R,vtIC  occurs  once  the  element  has  accumulated  a  critical 


£ 

At  high  strain  rates  (on  the  order  of  1000  s  '  or  more),  voids  grow  predominantly  by  a  stress-controlled  viscous 
mechanism,  and  the  model  presented  here  may  need  to  be  modi  led.  3 
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plastic  stn>.in,  which  is  a  function  of  the  state  of  stress  experienced  by  the  element  daring  straining. 
Mathematically,  fracture  of  the  element  occurs  when 


D  -  - -1  over  R^r  (E)-l> 

*  ^(cWObq) 

p 

where  D  can  be  regarded  as  a  normalized  damage  parameter,  is  the  equivalent  plastic  strain,  and 
Kcl'Amcar/Ccq)  is  the  cridcal  failure  strain  for  a  given  strain  triaxiality  CfmeanAJcq- 

We  can  easily  show  that  Equation  (D-l)  is  consistent  with  the  theoretical  analysis  of  void 
growth  and  with  other  associated  fracture  criteria.  Rice  and  Tracey9  showed  that  the  growth  of 
spherical  cavities  in  an  infinite  body  is  given  by 


dR 

R 


where  R  is  the  current  radius  of  the  cavity  and  a  is  a  numerical  constant. 


* 


(P-2) 


If  we  assume  that  void  coalescence  occurs  at  a  critical  value  of  the  normalized  void  size 
(R/R*)c,  then  Equation  (D-2)  is  associated  with  the  following  fracture  criterion: 


(P-2) 


By  defining  the  critical  fracture  strain  £c(C5meaivtoeq)  as 


EcfOmcan.tfcq)  = ~ 

a  expf3 


Obq 


J 


(P-4) 


we  can  recast  Equation  (D-3)  in  the  same  form  as  Equation  (D-l). 

We  obtain  a  similar  result  using  a  ductile  fracture  model  developed  by  Curran  et  al.D  5 
Their  fracture  criterion  is  based  on  attaining  of  a  critical  void  volume,  and  with  the  simplest  form  of 
the  criterion,  fracture  occurs  in  a  material  element  when 


*The  exact  form  of  Equation  (D-2)  is  only  valid  for  perfect  plasticity,  but  it  gives  a  rather  good  estimate  of  void 
growth  in  ferritic  steels.*5-9 
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— ~  >=  j  2.5 

8kN0r5  }  ^  (D-5) 

where  Avc  is  the  critical  void  volume  fraction  increase  above  the  initial  void  volume  fraction,  Rq  is 
the  center  of  the  activated  void  nucleating  defect  size  distribution  and  No  is  the  number  cf  initial 
defects  per  unit  volume.  Again,  by  defining  the  critical  fracture  strain  BcWhncaiAfeq) as 

ecfOmcan/Oeq)  =  -~"^L 
Avc  Snaa. 

CT<*t  (D-6) 

we  can  recast  Equation  (D-5)  in  the  form  of  Equation  (D-l). 

The  key  to  practical  applications  of  Equation  (D-l)  is  to  be  able  to  measure  £c(0rr.caiA3cq) 
experimentally.  Typically  this  is  done  by  performing  tensile  tests  on  notched  round  bars  with  dif¬ 
ferent  notch  radii  to  vary  the  degree  of  tiiaxiality  and  to  measure  the  effective  strain  at  fracture.D-’-O 
To  use  this  method,  we  must  assume  that  the  triaxiality  remains  constant  during  the  experiment, 
which  is  not  strictly  true.  Alternative  approaches  involve  directly  measuring  ln(R/R*)cD'13  or 
(Av)c.D'5 

The  local  fracture  criterion  expressed  in  Equation  (D-l)  is  attractive  for  our  problem 
because  of  its  simplicity  and,  more  important,  because  the  critical  failure  data  as  a  function  of  stress 
triaxiality  have  already  been  measured  for  HY-130  steel  by  MacKenzie  et  al.D'10 

Specifying  a  characteristic  material  element  size  Rmic  is  essential  for  applying  the  fracture 
criterion  to  situations  involving  steep  stress  and  strain  gradients,  such  as  a  sharp  fatigue  crack. 
Because  of  the  strain  singularity  at  a  crack  tip,  the  condition  expressed  by  Equation  (D-l)  is 
satisfied  for  any  applied  load,  and  fracture  would  always  be  predicted  unless  Equation  (D-l)  is  met 
over  a  certain  distance  in  front  of  the  crack,  rather  than  at  a  point.  Physically,  the  condition 
involving  Rmic  can  be  rationalized  by  arguing  that  at  least  one  void  ahead  of  the  crack  must  grow 
and  coalesce  with  the  tip  to  produce  a  crack  growth  increment.  Therefore,  a  critical  strain  must  act 
over  a  distance  at  least  equal  to  the  spacing  of  the  void  nucleating  inclusions.  This  argument  also 
provides  an  interpretation  of  the  length  parameter  Rmic  in  terms  of  microstructural  quantities. 

Because  the  ductile  criterion  we  adopted  contains  a  nonscalable  microstructural  length 
parameter,  Rmic.  the  criterion  implies  non  replica  scaling  effects  for  fracture.  These  effects  are 
discussed  in  detail  by  Giovanola0-14  and  are  consistent  with  predictions  of  linear  elastic  and 
elastoplastic  fracture  mechanics.. 
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To  apply  the  local  fracture  criterion  expressed  in  Equation  (D-l),  we 


need  the  experimental  failure  curve  C*(GmrW<3eq)  and  the  length  parameter  Rmic  for  the  HAZ  and 


BM  regions  of  the  weldment.  No  data  are  needed  for  the  WM  region,  because  fractographic 
observations  demonstrate  that  no  crack  propagates  through  this  zone. 


As  we  pointed  out  above,  the  fracture  strain  data  are  already  available  for  HY-130  steel  in 
both  the  longitudinal  and  transverse  orientations  (see  Figure  A-6  in  Appendix  A)  and  we 
demonstrated  experimentally  that  they  are  relevant  to  our  material.  Without  data  for  the  HAZ,  we 
applied  the  curve  for  the  BM  to  the  HAZ.  We  shifted  the  failure  curve  for  the  BM,  as  shown  in 
Figure  D-2,  to  reflect  the  decreased  ductility  of  the  HAZ.  The  amount  of  the  shift  is  one  of  the 
adjustable  parameters  arid  was  estimated  from  a  finite  element  simulation  of  the  static  experiments 
discussed  below. 


Finite  Element  Formulation  of  the  Local  Fracture  Criterion.  A  finite  element  formulation  of 
the  local  fracture  criterion  was  implemented  in  the  finite  element  code  NIKE2D.d‘1  The  fracture 
criterion  was  developed  by  modifying  n  existing  material  model  in  NIKE2D:  elastoplastic  with 
isotropic/kinematL  hardening  (material  type  3).  In  this  model,  postyield  response  is  input  by 
specifying  effective  stress,  GCff,  as  a  function  of  effective  plastic  strain,  Epeff. 
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Figure  D-2.  Critical  equivalent  plastic  strain  versus  stress  triaxiatity  ratio 
crmean/CTeq  for  HY-130  BM  and  HA2. 
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Figure  D-3.  Strain-softening  curve  assumed  (or  failing  material  e'ement. 
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One  important  aspect  of  implementing  the  local  fracture  model  in  a  finite  element  code  is 
how  we  simulate  element  failure  once  the  fracture  condition  has  been  achieved.  In  contrast  to  a 
more  rigorous  model  (e.g.,  the  Gurson  model0'15  for  porous  ductile  materials),  die  damage  in  our 
model  is  not,  strictly  speaking,  coupled  to  the  constitutive  equation  of  the  material.  In  other 
words,  damage  is  not  a  state  variable  for  our  constitutive  model.  Rather,  once  the  condition 
expressed  by  Equation  (D- 1)  is  reached  in  an  clement,  we  reduce  the  strength  and  mean  stress  of 
this  element  to  zero  by  multiplying  strength  and  mean  stress  by  a  damage  function  d.  The  choice 
of  the  function  is  based  more  on  considerations  of  stability  of  the  numerical  scheme  and  simplicity 
than  on  those  of  the  physical  process  of  void-induced  softening. 

The  form  of  d  as  a  function  of  damage,  D,  is  shown  in  Figure  D-3.  For  values  of  D  less 
than  1,  d  equals  1,  and  the  effective  stress-effective  strain  curve  is  used  as  input.  For  values  of  D 
greater  than  1,  the  effective  stress  and  mean  stresses  are  reduced  by  the  damage  factor  given  by 

d  =  cxp[a(l-D)]  (D-7) 

where  a  is  a  constant  that  determines  how  quickly  Ctcf{  decays  with  increasing  values  of  D.  Thus, 
the  choice  of  the  unloading  path  for  the  element  is  quite  arbitrary  and  can  be  adjusted  to  achieve 
better  numerical  stability  when  simulating  crack  extension. 

The  damage  parameter  D  is  a  function  of  effective  plastic  strain  and  triaxiality  of  the 
loading,  OmCan/acq-  In  the  finite  element  formulation,  damage  is  accumulated  in  discrete 
increments.  During  each  loading  step,  the  increment  in  damage  is  calculated  by  normalizing  the 
increment  in  effective  plastic  strain,  AEpeff,  by  die  value  of  £c(tfnieanA7eq)  corresponding  to  die 
given  value  of  OmcanA^eq-  The  function  £c(CfmcanA7cq),  based  on  the  experimental  data  of 
MacKenzie  et  al.D'10  is  shown  in  Figure  D-2,  and  is  given  by 

£c  =  0.2(<7mean/Geq)  -1-65  .  gs  (D-  8) 

for  values  of  OmeaV^cq  between  0  and  1.5.  For  values  of  Cfmcai/^eq  between  1.5  and  1 .8,  a  range 
for  which  no  experimental  data  are  available,  Ec  varies  linearly  between  the  value  given  by 
Equation  (D-8)  for  CTmcan/CJCq=  1.5  and  0.01.  For  values  of  Omean/Geq  gieater  than  1.8,  £c 
remains  equal  to  0.01.  For  values  of  Chnean/Ocq  smaller  than  zero  (predominantly  compressive 
loading),  we  assume  that  no  damage  is  accumulated.  In  Equation  (D-S),  Ej  is  a  specified  shift  in 
the  critical  strain  curve  accounting  for  variations  in  material  properties  (e.g.,  embrittlement  in  the 
heat-affected  zone).  To  avoid  numerical  complications,  we  imposed  minimum  and  maximum 
values  ou  £c  of  0.01  and  1.0.  Damage  is  accumulated  using  this  algorithm  until  D  reaches  the 
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Figure  D-2.  Critical  equivalent  plastic  strain  versus  stress  triaxiality  ratio 
<7mean/°sq  for  HY-130  BM  and  HAZ. 
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Figure  D-3.  Strain-softening  curve  assumed  for  failing  material  element. 
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value  of  1.  At  that  time  the  value  for  critical  strain,  Ed,  is  stored.  Later  increments  in  damage  are 
calculated  by  normalizing  the  increment  in  plastic  strain  by  Ed. 

In  using  the  ductile  local  fracture  criterion  in  finite  element  simulations  of  die  weldment 
fracture  experiments,  we  specify  the  critical  distance  Rmic  by  specifying  the  mesh  size  in  the 
region  where  cracking  is  anticipated.  The  appropriate  value  of  R\iJC  can  he  determined  by 
performing  a  fracture  experiment  using  a  specimen  with  a  sharp  precrack.  The  fracture  experiment 
is  then  simulated  with  the  finite  element  code  and  the  local  fracture  criterion,  and  the  mesh  size  (and 
Rmic)  is  adjusted  to  match  the  experimental  results.  Mudry0'7  points  out  that  for  pressure  vessel 
steels,  a  value  of  Rmic  =  0.2  mm  has  yielded  good  simulation  results.  Guided  by  this  experience 
and  to  avoid  more  testing  and  simulations,  we  assumed  a  value  of  Rmic  =  0.4  mm  in  the 
preliminary  simulations  discussed  below. 


In  this  research  program  wc  adopted  what  is  probably  the  simplest  local  fracture  criterion  to 
model  ductile  fracture.  Furthermore,  except  for  a  few  verifying  tensile  experiments,  we  did  not 
evaluate  the  model's  material  parameters.  Rather,  we  relied  on  experience,  data  from  the  literature, 
and  some  guided  engineering  estimates  for  choosing  the  material  parameters. 

In  particular,  the  choice  of  a  value  for  RmIC  was  quite  arbitrary  and,  for  our  preliminary 
simulations,  somewhat  coarse.  Moreover,  the  functional  form  of  the  damage  factor  d,  was  not 
based  on  a  physical  modeling  of  the  geometric  softening  associated  with  void  growth  in  the  matrix 
material.  Rather,  we  selected  the  damage  factor  functional  form  to  represent  a  full  strength/no 
strength  behavior  of  the  damaged  material,  while  at  the  same  time  not  compromising  the  stability  of 
the  numerical  simulation.  Finally,  the  geometric  and  strength  model  of  the  weldment  is  also  rather 
simple  because  no  gradual  strength  gradients  were  introduced  in  any  of  the  three  zones. 


Nevertheless,  the  simulation  results,  shown  below,  indicate  that  even  in  its  pr  esent 
somewhat  rudimentary  form,  the  weldment  model  can  generate  useful  results  in  parametric  studies 
of  weldment  fracture.  In  particular,  the  model  can  provide  a  quantitative  estimate  of  the  nonscaling 
effects  introduced  by  non-scaling  length  parameters,  such  as  the  width  of  the  heat-affected  zone  or 
the  rnicrostructural  length  parameter  Rmic 


One  possible  limitation  of  the  current  model  is  that  it  may  not  be  applicable  to  the  dynamic 
fracture  experiments.  Finite  element  simulations  of  the  dynamic  fracture  experiments  discussed 
below  indicated  diat  the  strain  rates  in  the  weld  toe  region  reach  several  thousands  per  second  and 
they  are  likely  to  be  even  higher  at  the  tip  of  the  growing  crack.  At  those  strain  rates,  the  ductile 
growth  of  voids  may  no  longer  be  only  suain-controlled  but  may  also  include  a  stress-driven 
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viscous  growth  contribution.0’5  Therefore,  a  modification  to  the  model  may  he  needed  to  reflect 
the  difference  in  void  growth  mechanisms  at  high  loading  rates. 

FINITE  ELEMENT  SIMULATIONS  OF  FRACTURE  EXPERIMENTS 

Finite  Element  Simulations  of  Static  Fracture  Experiments  Without  Local  Fracture  Model 

Objectives.  The  objectives  of  this  series  of  finite  element  calculations,  which  do  not 
include  the  local  fracture  model,  were  (1)  to  investigate  the.  influence  of  strength  and  geometric 
variations  in  the  weldment  on  the  load  displacement  curve  and  on  the  stress  and  strain  distributions 
in  the  weld  region,  (2)  to  estimate  the  critical  failure  strain  in  the  heat  affected  zone  for  later  use  in 
conjunction  with  the  local  fracture  model,  and  (3)  to  evaluate  the  effect  of  large  specimen 
deformations  on  the  load  deflection  curve  recorded  in  the  experiment  (geometric  softening). 

Finite  Element  Model.  We  performed  the  finite  element  simulations  of  the  static 
experiments  with  the  NEKE2D  code0-1  using  a  plane  strain  formulation  and  quadrilateral 
isoparametric  elements.  A  typical  mesh  used  for  studying  the  effects  of  weldment  geometry  and 
strength  on  the  stress  and  strain  fields  is  shown  in  Figure  D-4.  In  simulations  in  which  we 
assigned  different  material  properties  to  the  HA7,  and  the  WM,  the  mesh  configuration  (HAZ 
relative  size)  modeled  a  1/4-scale  specimen.  Only  half  the  specimen  is  represented  in  Figure  D-4. 
The  center  line  of  the  specimen  is  a  symmetry  line,  and  the  top  of  the  stiffener  is  constrained  in 
both  the  y  and  z  directions.  We  imposed  a  displacement  at  the  node  corresponding  to  the  contact 
point  with  the  support  roller. 

For  all  cases  analyzed,  we  performed  elastoplastic  simulations  using  one  or  more  of  the 
four  stress-strain  curves  shown  in  Figure  D-5,  depending  on  the  simulation. 

Effect  of  Variations  in  Weld  Geometry.  We  performed  simulations  in  which  we  varied  the 
weld  bead  angle  0  with  respect  to  the  stiffener  axis  and  the  weld  bead  height  H\vm-  The  four 
geometric  cases  considered  are  illustrated  in  Figure  D-6.  Case  1  represents  the  baseline  case. 

Case  2  the  proportionally  smaller  bead  height  in  the  1/2-scalc  specimens,  and  Cases  3  and  4  two 
extremes  in  observed  variations  in  bead  angle. 

Typical  contours  of  equivalent  plastic  strain  and  mean  stress  obtained  in  the  simulations 
(for  geometric  case  1  and  the  stress-strain  curve  Base  Metal  2  in  Figure  D-5)  are  plotted  in 
Figure  D-7,  The  results  in  Figure  D-7  illustrate  that  the  maximum  equivalent  plastic  strain  and  the 
maximum  mean  stress  both  occur  at  the  same  location  in  the  HAZ--at  the  specimen  surface  near  the 
toe  of  the  weld  bead-consistent  with  the  location  of  fracture  initiation  in  the  experiments. 
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(a)  Complete  mesh  simulating  half  the  specimen 
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(b)  Detail  of  the  weld  region 
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Figure  D-4.  Typical  finite  element  mesh  for  simulating  static  experiments 
(investigation  of  geometry  and  strength  effect). 
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Figure  D-5.  Stress-strain  curves  used  in  the  finite  element  simulations 
of  the  static  fracture  experiments. 
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Figure  D-6.  Variations  in  weldment  geometry  investigated  in  finite 
element  simulations. 

Cases  1  and  5  differ  only  in  the  stress-stain  curves  used. 
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(a)  Contours  of  equivalent  plastic  strain 


(b)  Contour  of  mean  stress 

RA  261240A 

Figure  D  7  Typical  contour  of  equivalent  plastic  strain  and  mean  stress 
obtained  with  the  finite  element  simulation 
Geometrical  Case  1.  Rasa  metal  2  stress  strain  curve 
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The  results  of  the  calculations  for  Cases  1  through  4,  with  the  stress  strain  curve  labe  ui 
"Base  Metal  1"  ir.  Figure  B  -5  for  all  three  weldment  regions,  are  compared  in  Figures  D-8  through 
D-10.  Figures  D-8  and  D-9  plot  the  mean  stress  and  the  effective  plastic  strain  in  the  surface 
element  at  the  toe  of  the  weld  bead  as  a  function  of  the  imposed  displacement  Nonnegligible 
differences  in  the  effective  plastic  strain  and  mean  stress  histories,  arise  will*  changes  in  geometry. 

These  differences  are  further  illustrated  in  Figure  D-10,  which  plots  the  ratio  of  mean  to 
equivalent  stress  as  a  function  of  effective  plastic  strain.  The  strain/mean  stress  curve  is  important 
because,  as  discussed  above,  the  mechanism  of  ductile  fracture  in  HY-130  steel  is  a  function  of 
both  the  imposed  plastic  strain  and  the  level  of  tri  axial  stress.  With  a  view  toward  evaluating  the 
material  parameter  for  the  local  fracture  model,  we  also  plotted  the  measured  mean  stress/failure 
strain  envelope  for  HY-130  steel  in  the  LT  and  ST  orientations.0'1®  There  is  a  clear  influence  of 
the  bead  geometry  on  the  strain/mean  stress  curve,  with  the  grouping  of  the  results  suggesting  that 
the  height  of  the  weld  bead  rather  than  the  bead  angle  controls  the  curve  shift. 

We  can  use  Figures  D-8  through  D-10  to  assess  the  effect  of  geometric  variations  in  the 
weldment  regions  on  the  fracture  test  results  by  assuming  that  the  failure  envelope  for  HY-130 
steel  ir.  the  LT  direction  applies  to  the  material  at  the  toe  of  the  weld  in  the  base  plate  HAZ.  We 
estimate  the  failure  strain  for  the  various  weldment  geometries  from  the  intersections  of  the  failure 
envelope  with  the  calculated  strain/mean  stress  curves  in  Figure  D-10.*  We  then  determine  the 
corresponding  displacements  at  crack  initiation  from  Figure  D-9. 

With  this  procedure,  we  find  that  variations  in  geometry  may  induce  differences  of  up  to 
25  percent  in  the  displacement  at  the  onset  of  fracture  in  the  element  at  the  toe  of  the  weld.  A 
weldment  with  a  proportionally  smaller  weld  bead  appears  to  experience  less  severe  plastic  loading 
conditions.  This  observation  may  explain  some  of  the  scatter  in  the  experimental  fracture 
displacement  data  for  the  static  experiments.  On  the  other  hand,  we  did  not  observe  any 
measurable  change  in  the  level  of  the  yield  and  fully  plastic  loads  because  of  the  weld  geometry 
differences  in  the  simulations. 

Effect  of  Weldment  Strength  Gradient.  The  effect  of  the  strength  gradient  was  investigated 
by  comparing  the  simulations  labeled  "Case  1"  and  "Case  5."  Both  cases  had  the  same  weldment 
geometry  (Figure  D-6).  For  Case  1,  we  performed  the  simulation  using  the  Base  Metal  1  stress- 
strain  curve  for  the  whole  weldment  region.  For  Case  5,  the  HAZ  was  assigned  the  stress-strain 


*This  failure  criterion  is  slightly  different  from  that  expressed  by  Equation  (D-l)  and  from  the  implementation  of 
that  equation  in  the  finite  element  code:  The  triaxiality  ratio  Cmean/°eq  Is  assumed  constant. 
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Figure  D-8.  Mean  stress  as  a  function  of  specimen  displacement  for  base 
plate  HAZ  element  immediately  at  the  toe  of  the  weld  bead  for 
Cases  1  through  4. 
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Figure  D-9  Effective  plastic  strain  as  a  function  of  specimen  displacement 
for  base  plate  HAZ  element  immediately  at  the  toe  ot  the  weld 
bead  for  Cases  1  through  4. 
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Figure  D-1 0.  Ratio  ot  mean  stress  So  aflective  stress  as  a  function  of 
effective  plastic  strain  for  base  plate  HAZ  element 
immediately  at  the  toe  of  the  weld  bead  for  Cases  1 
through  4. 

The  strain-mean  stress  failure  envelopes  Jor  HY-  i30  steal  in 
the  long  transverse  (LT)  and  short  tranverse  (ST)  directions 
are  also  plotted. 
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curve  of  the  base  metal  shifted  up  by  20  percent  of  the  yield  tress  along  the  stress  axis  (curve 
labeled  HAZ  Metal  in  Figure  D-5),  and  the  weld  metal  was  assigned  the  stress-strain  curve  of  the 
base  metal  shifted  down  by  20  percent  of  the  yield  stress  (curve  labeled  Weld  Metal  in  Figure  D-5). 
These  strength  differences  were  based  on  the  maximum  hardness  differences  observed  in  the  weld 
characterization. 

The  effect  of  introducing  a  strength  gradient  in  the  "eldment  is  illustrated  in  Figures  D-l  1 
through  D-l  3,  which  compare  the  results  of  the  Finite  element  calculations  for  Cases  5  and  9. 

Like  Figures  D-8  and  D-9,  Figures  D-l  1  and  D-12  plot  the  mean  stress  and  the  effective 
plastic  strain  in  the  surface  element  at  the  toe  of  the  weld  bead  as  a  function  of  the  imposed 
displacement.  Figure  D-l 3,  like  Figure  D-10,  plots  the  ratio  of  mean  to  equivalent  stress  as  a 
function  of  effective  plastic  strain  and  the  failure  curves  for  HY  130  steel.  Decreasing  the  strength 
of  the  weld  metal  and  increasing  the  strength  of  the  HAZ  tends  to  elevate  slightly  the  mean  stress  in 
the.  element  considered  (Figure  D-l  1)  and  to  significantly  decrease  the  plastic  strain  (Figure  D-12). 
Because  the  effective  stress  is  significantly  elevated  (20%)  in  Case  5,  the  resulting  plot  of  the  ratio 
of  mean  to  equivalent  stress  as  a  function  of  plasm  strain  for  Case  5  is  significantly  below  that  for 
Case  1. 

The  effect  on  fracture  of  a  strength  differential  in  the  weldment  is  less  straightforward  to 
evaluate  than  the  effect  of  geometry,  because  it  is  likely,  on  the  basis  of  metallurgical  arguments 
and  experience,  that  a  change  in  strength  from  region  to  region  is  also  associated  with  a  change  in 
the  failure  envelope.  If  the  same  failure  envelope  (e.g.,  the  curve  lor  HY-130  steel  in  the  LT 
direction)  applies  for  both  Cases  1  and  5,  then  Figures  D-12  and  D-l 3  indicate  that  the  HAZ  with  a 
higher  flow  curve  would  fracture  at  higher  strains  and  applied  displacements.  However,  if  we  take 
the  average  displacement  at  the  onset  of  fracture  (=33  mm)  and  read  the  corresponding  failure 
strain  in  Figure  D- 12,  we  conclude  that  the  nigh-strength  HAZ  fractures  at  a  lower  failure  strain 
than  the  low-strength  HAZ,  while  the  degree  of  triaxiali-y  is  essentially  the  same.  Thus,  assuming 
the  same  displacement  at  fracture  for  Cases  1  and  5  implies  that  the  stronger  HAZ  is  more  brittle 
than  the  softer  HAZ,  which  is  more  likely  than  assuming  a  strength  independent  failure  envelope. 

Because  the  hardness  map  indicates  a  significantly  higher  strength  value  for  the  HAZ  and 
lower  strength  for  the  weld  metal,  we  believe  that  Case  5  is  more  representative  of  the  experimental 
behavior  than  Case  1.  Using  a  lower-limit  experimental  displacement  at  fracture  of  about  30  mm 
for  the  1/4-scale  fracture  experiments,  we  estimated  the  failure  strain  at  0.28  (Figure  D-12)  and 
construct  the  corresponding  point  in  the  mean  stress-strain  diagram  (Figure  D-l 3).  We  then 
assumed  that  ’he  failure  envelope  for  the  HAZ  could  be  obtained  by  simply  translating  that  for 
HY-130  steel  in  the  LT  orientation  through  the  failure  point  for  Case  5  corresponding  to  the 


D-20 


EFFECTIVE  PLASTIC  STRAIN  MEAN  STRESS  (MPa) 


NAVSWCTR  90-360 


DISPLACEMENT  (mm) 


RA-2612-61A 


:igure  D-1 1 .  Comparison  of  mean  stress  as  a  function  of  specimen 
displacement  for  base  plate  HAZ  element  immediately 
at  the  toe  of  the  weld  bead  for  Cases  1  and  5. 
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Figure  D-1 2.  Comparison  of  effective  plastic  strain  as  a  function  of 
specimen  displacement  for  base  plate  HAZ  element 
immediately  at  the  toe  of  the  weid  bead  for  Cases  1 
and  5. 
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Figure  D-1 3.  Ratio  of  mean  stress  to  effective  stress  as  a  function  of 
effective  plastic  strain  for  base  plate  HA2  element 
immediately  at  the  toe  of  the  weld  bead  for  Cases  1  and  5. 
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experimental  conditions.  This  procedure  resulted  in  the  dashed  curve  in  Figure  D-13.  Without 
more  refined  estimates,  we  used  this  curve  as  a  failure  envelope  for  the  HAZ  in  simulations  using 
the  local  fracture  criterion. 

We  also  repeated  the  simulations  of  Cases  1  through  4,  using  the  flow  curve  labeled  "Base 
Material  2"  in  Figure  D-5.  The  objective  of  these  simulations  was  to  investigate  the  effect  of 
differences  in  strain  hardening  on  the  stress-and-strain  distributions  at  the  toe  of  the  weld.  A 
comparison  of  geometric  Case  1  for  the  two  flow  curves  is  presented  in  Figures  D-14  through 
D-16.  For  a  given  geometry  and  applied  displacement,  higher  mean  stresses,  lower  strains,  and  a 
significantly  lower  strain/mean  stress  curve  are  achieved  when  the  hardening  of  the  stress-strain 
curve  is  increased.  On  the  basis  of  the  failure  curve  for  HY- 130  steel  in  the  LT  orientation,  we 
estimated  that  these  differences,  resulting  from  those  in  the  hardening  rate,  may  cause  variations  in 
the  displacement  to  failure  of  20-30  percent. 

Large  Deformations  and  Geometric  Softening.  In  the  static  experiments,  the  load  was 
applied  to  the  specimen  through  contacts  that  were  constrained  from  moving  transversely.  During 
the  test,  the  plate  of  the  specimen  deflected  very  significantly,  as  illustrated  in  Figure  B-4  of 
Appendix  B.  In  all  the  static  fracture  experiments,  the  load  reached  a  maximum  at  a  normalized 
displacement  of  about  1. 5-2.0,  then  gradually  decreased  with  increasing  deflection. 

The  stress-strain  curve  for  the  material  hardens  moderately  after  yield,  and  there  is  no 
indication  of  strain  softening.  Thus,  the  decrease  in  load  observed  in  the  experiments  must  be 
caused  by  a  combination  of  specimen  cracking  and  by  apparent  softening  caused  by  geometric 
changes  of  the  specimen-loading  fixture  arrangement  associated  with  large  deformations  (geometric 
softening).  Geometric  softening  occurs  because  the  imposed  displacement  is  constrained  to  move 
along  a  fixed  vertical  line  so  that  the  point  of  displacement  application  slides  transversely  along  the 
plate  as  the  deflection  increases.  This  sliding  increases  the  effective  moment  arm,  and  a  smaller 
load  is  needed  to  cause  a  given  moment  (the  fully  plastic  moment)  at  the  weldment  A  simple  static 
analysis  shows  that  the  load  drop  associated  with  geometric  softening  is  proportional  to  the  square 
of  the  cosine  of  the  bend  angle  a  (see  Figure  B-4  in  Appendix  B). 

We  performed  two  finite  dement  simulations  to  quantify  the  effect  of  geometric  softening 
on  the  specimen  response.  The  mesh  for  these  calculations  is  shown  in  Figure  D-17a  and  b.  The 
stress  strain  curve  labeled  "Base  Metal  1"  was  used  for  all  three  weldment  regions  in  the  two 
simulations 

For  the  first  calculation,  a  vertical  displacement  was  imposed  at  a  given  point  on  the  plate; 
this  point  did  not  move  as  the  plate  deflected  (condition  1,  Figure  D-17c).  In  the  second 
calculation,  the  plate  displacement  was  imposed  along  a  vertical  line  fixed  in  space,  so  that  the 
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Figure  D-l  5.  Comparison  of  effectivo  plastic  strain  as  a  function  of 
specimen  displacement  for  base  plate  HAZ  element 
immediately  at  the  toe  of  the  weld  boad  for  Case  "<  with 
flow  curves  Base  Metal  1  and  Base  Meta!  2, 
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Figure  D-l  6.  Ratio  of  mean  stress  to  effective  stress  as  a  function  of 

effective  plastic  strain  for  base  plate  HAZ  element  immediately 
at  the  toe  of  the  weld  bead  for  Case  1  with  flow  curves  Base 
Metal  1  and  Base  Metal  2. 

The  strain/mean  stress  failure  envelopes  for  HY-130  steel  in 
the  long  transverse  (LT)  and  short  transverse  (ST)  directions 
are  aiso  plotted. 
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Symmetry  Line 
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(a)  Complete  mesh  simulating  half  the  specimen 
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(b)  Detail  of  the  weld  region 
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Figure  D-l  7.  Finite  element  mesh  used  for  the 

investigation  of  geometric  softening 
induced  by  large  deformations. 
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(c)  Displacement  application  point 
attached  to  the  plate,  condition  1 


(d)  Displacement  application  point 
sliding  along  the  plate,  condition  2 

RA-2612-147 


Figure  D-17.  Finite  element  mesh  used  for  the 

investigation  of  geometric  softening 
induced  by  iarge  deformations,  (concluded) 
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displacement  application  point  moved  transversely  as  the  plate  deflected  (condition  2,  Fig¬ 
ure  D-17d).  The  latter  situation  corresponded  to  the  loading  in  the  experiments.  In  this  calculation 
we  accomplished  the  second  type  of  boundary  condition  by  introducing  a  slide  line  between  the 
displacement  application  point  and  the  plate.  We  assumed  no  friction  along  the  slide  line. 

Curves  for  normalized  load  as  a  function  of  normalized  deflection  for  the  two  conditions 
are  shewn  in  Figure  D-18.  Both  curves  show  the  onset  of  material  yielding  near  the  weld  at  a 
deflection  of  about  0.4,  Up  to  that  point  the  two  cases  agree  closely.  However,  for  deflections 
greater  than  0.5  the  two  curves  differ.  Without  geometric  softening,  the  load  continually  increases 
as  the  deflection  increases.  In  this  case  the  change  in  geometry  is  apparently  contributing  to  the 
specimen  hardening,  along  with  the  material  constitutive  hardening.  At  a  displacement  of  1.0  the 
load  is  about  1  5,  and  it  gradually  increases  to  2.0  at  a  displacement  of  4. 

In  the  case  with  geometric  softening,  the  load  reaches  a  peak  of  about  1.55  at  a 
displacement  of  1.5.  Beyond  this  displacement,  the.  load  continually  decreases.  At  a  displacement 
of  4  the  load  has  dropped  to  about  1.25.  The  normalized  load  deflection  curves  for  the  two 
displacement  boundary  conditions  are  also  compared  with  the  experimental  curve  for  1/4-scale 
experiment  HY-1 30  WSTB4-2  in  Figure  D-18.  The  curve  for  condition  2  (geometric  softening) 
agrees  very  well  with  the  experimental  curve.  From  the  comparison,  we  conclude  that  much  of  the 
specimen  softening  observed  in  the  experiments  can  be  attributed  to  geometric  effects  caused  by 
large  deformations. 

Discussion  and  Conclusions.  The  finite  element  simulations  confirm  that,  as  anticipated  on 
the  basis  cf  the  experimental  observations,  the  most  severe  straining  of  the  weldment-and,  for  that 
matter,  the  specimen-occurs  at  the  toe  of  the  weld  metal  bead  in  the  HAZ.  Both  the  equivalent 
piastre  strain  and  the  stress  triaxialiiy  are  maximum  at  that  location. 

The  parametric  study,  in  which  we  varied  the  weldment  geometry  and  the  strength 
gradients  across  the  weldment,  revealed  that  variations  in  these  parameters,  consistent  with  the 
results  of  the  weldment  characterization  task  (see  Appendix  A)  can  cause  significant  differences  of 
25  percent  or  more  in  the  specimen  displacement  at  fracture  initiation  (dpn)-  This  finding  provides 
a  possible  explanation  for  the  large  variations  in  dpn  observed,  particularly  in  the  l/8-sca!e 
experiments.  Indeed,  the  weld  characterization  study  revealed  the  strongest  strength  gradients  in 
the  1/8-scale  specimens.  Moreover,  because  the  HAZ  is  proportionally  larger  in  those  specimens 
than  in  specimens  of  the  othe’-  scales,  the  fracture  behavior  of  the  1/8-scale  weldments  will  also  be 
more  sensitive  to  geometric  variations  in  the  HAZ. 
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Figure  D-18.  Comparison  of  the  normalized  load-deflection  curves  for  the 
finite  element  simulations  with  conditions  1  and  2  and  with 
results  of  experiment  HY-130  WSTB4-2 
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From  Figures  D-12  and  D-13,  we  also  conclude  that  changes  in  the  fracture  resistance  of 
the  HAZ,  as  modeled  by  a  shift  in  the  failure  envelope  £c(^meWOcq).  may  have  an  effect  similar  in 
magnitude  to  changes  in  the  weldment  geometry  and  strength  gradients. 

From  a  structural  viewpoint,  a  simple  static  analysis,  confirmed  by  finite  element 
simulations,  shows  the  softening  effect  caused  by  large  deformations.  This  geometric  softening 
dominates  most  of  the  deformation  of  the  HY-130  steel  static  fracture  specimens  and  should  not  be 
confused  with  softening  introduced  by  macrocrack  nucleation,  which  occurs  only  in  the  last  phase 
of  the  experiment. 

A  final  remark  concerns  the  comparison  of  the  normalized  load-deflection  curves  obtained 
from  the  experiments  and  from  the  finite  element  simulation  with  the  displacement  boundary 
condition  2  (Figure  D-18).  The  good  agreement  between  the  two  curves  demonstrates  that 
although  significant  transverse  strains  were  measured  at  the  top  mid-section  of  the  specimen  plate 
during  the  experiments  (see  Appendix  B),  the  fully  plastic  load  for  the  specimen  is  predicted 
correctly  assuming  plane  strain  conditions.  Therefore,  a  plane  strain  assumption  is  adequate,  at 
least  for  predicting  the  specimen's  structural  response. 

Finite  Element  Simulation  of  Static  Fracture  Experiments  With  Local  Fracture  Model 

Objectives.  We  performed  several  preliminary  simulations  of  the  1/4-scale  static  fracture 
experiments  that  included  the  local  ductile  fracture  model.  The  general  objectives  of  such  simula¬ 
tions  have  already  been  discussed  in  the  Introduction  to  this  appendix.  The  specific  objectives  of 
the  simulations  were  to  demonstrate  the  model's  capabilities  and  to  investigate  how  its  various 
parameters  affect  the  simulation  of  weldment  fracture.  Here  wc  present  the  results  of  only  one 
preliminary  simulation  to  illustrate  the  model's  current  capabilities  and  to  point  out  further 
developments  still  needed. 

Finite  Element  Model.  We  simulated  a  1/4-scale  welded  specimen  by  introducing  the 
appropriate  HAZ-thickness-to-plate-thickness  ratio  (tHAZ  =  2.4  mm/H  =  12.7  mm).  The  finite 
element  mesh  used  for  these  simulations  was  the  same  as  that  used  for  investigating  geometric 
softening  and  is  illustrated  in  Figure  D-17.  For  simplicity  in  the  preliminary  simulations,  we 
assumed  symmetry  along  the  stiffener  axis.  In  the  actual  experiments,  symmetry  is  no  longer 
preserved  once  a  crack  develops  on  one  side  of  the  stiffener. 

We  used  a  0.4-mm  mesh  size  in  the  region  of  anticipated  crack  extension.  The  finite 
element  simulation  included  the  support  roller  and  a  slide  line  to  account  for  geometric  softening. 
We  applied  the  same  flow  curve  (labeled  "Base  Metal  1"  in  Figure  D-5)  to  all  three  regions  of  the 
weldment  and  used  the  HAZ  failure  curve  of  Figure  D-2  for  the  HAZ  and  the  HY-130  steel  LT 
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failure  curve  for  the  IBM  region.  Once  the  damage  D  reached  1,  we  reduced  the  material  strength 
and  the  pressure  by  multiplying  them  by  the  damage  factor  d  given  by  Equation  (D-'7),  with  the 
coefficient  "a"  equal  to  2. 

Simulation  Results  and  Comparison  with  Experiment.  The  results  of  the  simulation  with 
the  local  fracture  model  are  presented  in  Figures  D-19  through  D-21.  Figure  D-19  shows 
isodamage  contours  in  the  weldment  region  at  four  levels  of  applied  displacement  Regions  within 
contours  with  D  2. 1  represent  regions  that  fractured.  A  crack  developed  at  the  toe  of  the  weld  bead 
and  gradually  propagated  through  the  heat-affected  zone  and  into  the  base  metal.  This  evolution  of 
damage  is  similar  to  the  fractographic  observations  of  the  static  fracture  specimens  (see  Figure  B- 
15  in  Appendix  B).  However,  the  details  of  the  crack  path  in  the  simulation  arc  somewhat 
different  from  those  in  the  experiment. 

Figure  D-20  presents  calculated  contours  of  effective  stress  and  pressure  in  the  cracked 
region  of  the  weldment  for  a  normalized  displacement  of  4.  This  figure  illustrates  how  deviatoric 
and  mean  stresses  are  relaxed  by  developing  damage  in  the  weldment  and  fall  to  zero  in  the  cracked 
region.  Figure  D-21  compares  the  calculated  and  measured  load-displacement  curves.  The  results 
of  the  simulation  show  good  qualitative  agreement  with  the  experiment.  The  mode!  seems  to 
predict  the  beginning  of  a  crack  in  the  heat-affected  zone  somewhat  too  early  and  then  to 
oveipredict  the  fracture  resistance  of  the  base  metal.  The  normalized  displacement  value  at  which 
the  crack  reaches  the  HAZ/BM  interface  corresponds  well  with  the  value  of  dpn,  which  we  regard 
as  an  indicator  of  the  onset  of  the  first  macrocrack. 

Discussion  and  Conclusions.  The  finite  element  simulation,  including  the  local  fracture 
model,  of  a  1/4-scale  static  fracture  experiment  demonstrates  that  the  weldment  fracture  model  is 
capable  of  simulating  the  formation  of  a  crack  in  the  HAZ  and  extending  it  into  the  base  plate. 
However,  we  observed  differences  between  the  model  predictions  and  the  experimental  results 
with  respect  to  the  crack  path  and  to  the  displacements  at  which  cracking  begins  and  the  load  starts 
dropping  significantly. 

The  differences  between  simulation  and  experiment  are  due  to  several  probable  factors: 

(1)  Although  we  coarsely  simulated  the  differences  in  fracture  prope  rties  among  the 
various  weldment  regions,  we  did  not  simulate  the  strength  gradients. 

(2)  The  experimental  failure  envelope  for  HY- 1 30  steel  does  not  cover  triaxiality  ratio 
greater  than  1.2  (see  Figure  A-6  in  Appendix  A),  and  we  had  to  extrapolate  to  higher 
values  to  predict  damage  ahead  of  the  sharp  crack. 
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Figure  D-i  9.  Contours  ot  damage  in  a  simulated  1 /'4-scale  static  fracture 

experiment,  showing  a  crack  extending  through  HAZ  and  into 
the  specimen  plate 
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(b)  Pressure 
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Figure  D-20.  Contours  of  effective  stress  and  pressure  in  the  damage 
region  of  the  static  fracture  specimen  at  a  normalized 
displacement  d^oRM  -  4. 
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NORMALIZED  DISPLACEMENT 

RA-2612-133 

Figure  D-21.  Comparison  of  load-deflection  curve  for  experiment 

HY-l  30  WE4-2  with  calculated  curve  from  finite  element 
simulation  with  local  fracture  model. 
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(3)  Wc  used  a  finite  element  mesh  that  was  still  rather  coarse  (0.4  mm)  and  did  not  reflect 
the  desired  characteristic  microstructural  size  of  about  0.2  mm.  The  crack  path  in  the 
simulation  showed  the  influence  of  the  mesh,  because  it  clearly  followed  the  mesh 
layout. 

(4)  Finally,  the  simulation  assumed  specimen  symmetry  along  the  stiffener  axis  during 
the  entire  fracture  process,  whereas  in  the  experiment,  cracking  eliminated 
symmetry.  The  difference  in  symmetry  conditions  certainly  strongly  affected  the 
crack  propagation  phase  in  the  fracture  experiment  and  in  the  simulation. 

If  we  keep  these  factors  in  mind,  we  believe  the  fracture  simulation  results  presented  here 
demonstrate  the  capability  of  the  weldment  fracture  model  developed  in  this  program.  The  model 
appears  to  capture  the  correct  physics  of  the  weldment  fracture  with  only  a  few  adjustable 
parameters,  and  we  are  confident  that  it  will  meet  its  objective.  Clearly,  more  work  is  desirable 
before  we  use  the  weldment  fracture  model  to  evaluate  scaling  effects  or  to  make  fracture 
predictions.  More  detailed  modeling  of  the  strength  distribution  in  the  weldment  should  be 
introduced,  along  with  a  better  definition  of  the  fracture  properties  for  each  weldment  region. 

More  experimental  data  for  triaxiality  ratios  greater  than  1.2  are  needed  to  model  fracture 
realistically  at  the  tip  of  a  sharp  crack.  Finally,  a  finer  mesh  will  help  model  the  crack  tip  gradients 
more  realistically  and  allow  implementation  of  a  non-scaling  microstructural  dimension. 


Finite  Element  Simulation_Qf  Dynamic  Fracture  Experiments  Without  Local  Fracture  Model 

Objectives.  The  finite  element  simulations  of  the  dynamic  fracture  experiments  had  several 
objectives: 

( 1 )  to  demonstrate  that  the  velocity  data  measured  during  the  experiments  provided 
enough  input  to  model  the  experiments, 

(2)  to  estimate  the  strains  and  strain  rates  in  the  weldment  region  for  an  initial  velocity 
range  comparable  to  that  covered  by  the  experiments, 

(3)  to  compare  the  dynamic  with  the  static  data  to  determine  whether  modifications  to  the 
local  fracture  model  were  necessary  for  dynamic  loading, 

(4)  to  evaluate  the  specimen  response  and  calculate  the  elastic  components  of  the 
maximum  center  plate  deflections  for  use  with  the  improved  experimental  data 
reduction  procedure  (see  Appendix  C). 

Finite  Element  Model.  The  simulations  of  the  dynamic  fracture  experiments  were 
performed  with  the  DYNA2D  two-dimensional  finite  element  code0'2  using  a  plane  strain 
formulation  and  quadrilateral,  isoparametric  elements.  Because  of  symmetry,  we  modeled  only 
half  the  specimen;  the  undeformed  mesh  is  shown  in  Figure  D-22a.  To  simulate  the  specimen's 
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attachment  method  in  the  experiments,  we  constrained  the  vertical  and  horizontal  motions  of  the 
regions  of  the  plate  and  the  stiffener  indicated  in  Figure  D-22a. 

To  simulate  the  effect  of  the  sheet  explosive,  we  imposed  the  initial  velocity  profile  shown 
in  Figure  D-22b  on  the  center  of  the  specimen  plate.  Here  we  assumed  that  upon  detonation  of  the 
explosive,  the  measured  plate  center  velocity  was  simultaneously  imposed  or»  the  plate  length 
covered  by  the  explosive.  That  assumption  was  not  strictly  true,  because  it  takes  about  7  |is  for  the 
detonation  to  propagate  from  the  starting  line  (center  line  of  the  specimen)  to  the  opposite  edge  of 
the  sheet  explosive.  Moreover,  the  initial  velocity  is  not  reached  instantaneously  but  over  a  period 
of  about  20-30  p.s.  However,  because  detonation  and  acceleration  times  are  relatively  short 
compared  with  the  total  duration  of  the  experiment,  the  assumption  appeared  legitimate,  in  first 
approximation.  The  triangular  velocity  distribution  in  the  plate  region  closest  to  the  stiffener  tries 
to  simulate  the  effects  of  the  sheet  explosive  edges,  where  the  detonation  pressure  is  immediately 
relieved  and  the  impulse  imparted  to  the  plate  at  that  location  is  reduced. 

The  literature  survey  presented  in  Appendix  A  indicates  that  the  flow  properties  of  HY-130 
steel  are  not  rate-sensitive  at  strain  rates  up  to  103  s*1.  Therefore,  for  the  simulation  of  the  dynamic 
experiments,  we  used  the  static  flow  curves  for  HY-130  steel.  We  assigned  to  the  base  metal  and 
the  HAZ  the  static  stress-strain  curve  labeled  Base  Metal  1  in  Figure  D-5  and  to  the  weld  metal  the 
curve  labeled  Weld  Metal. 

Simulation  Results  and  Comparison  with  Experiments.  The  calculated  plate  center 
deflection  histories  from  the  finite  element  simulations  are  shown  in  Figure  D-23.  As  in  the 
experiments,  a  second-order  polynomial  fits  the  deflection  histories  well.  Table  D-l  compares  the 
calculated  maximum  deflections  with  the  experimentally  measured  ones  and  shows  that  the  finite 
element  simulation  tends  to  overestimate  the  measured  deflections  by  up  to  18  percent.  The 
overestimate  is  larger  for  the  two  lower  initial  velocities. 

The  calculations  also  tend  to  underestimate  the  time  at  which  the  maximum  deflection  is 
reached  (see  Figure  C-9  in  Appendix  C,  and  Figure  D-23).  The  elastic  component  of  the  deflection 
that  we  used  to  correct  the  final  deflections  in  the  improved  experimental  data  analysis  procedure  in 
Appendix  C  was  obtained  from  the  calculated  final  and  maximum  deflections. 

Figure  D-24  further  compares  the  normalized  displacement  histories  from  the  finite  element 
analysis  and  the  experiments.  Here  we  used  the  norma'ization  procedure  described  in  Appendix  C 
[Equations  (C-l)  through  (C-3)].  The  finite  element  results  (Figure  D-24a)  follow  the  same  trend 
as  the  experimental  results  (Figure  D-24b).  During  the  early  part  of  the  deflection  histories,  the 
data  for  all  velocities  fall  on  more  or  less  on  the  same  curve.  Later,  curves  for  different  initial 
velocities  fan  out  from  one  another,  with  the  difference  between  curves  decreasing  with  increasing 
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Figure  D-22.  Finite  element  model  of  dynamic  fracture  experiment. 
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Figure  D-23.  Plate  center  deflection  histories  calculated  in  finite  element 
simulations  of  dynamic  fracture  experiments. 
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initial  velocities.  This  behavior  is  consistent  with  the  experimental  observations  and  indicates  that 
different  deformation  modes  control  the  deflection  histories,  as  discussed  in  Appendix  C. 

The  overall  final  deformed  shape  of  the  specimens  measured  after  the  experiments  is 
compared  with  the  calculated  shape  in  Figure  D-25.  Although  the  plate  underwent  many 
oscillations  around  the  final  permanent  shape  after  reaching  the  maximum  deflection,  the 
calculations  were  terminated  before  the  ringing  of  the  plate  had  stopped  to  limit  the  computational 
time.  Therefore,  the  calculated  and  experimental  shapes  shown  in  Figure  D-25  correspond  to 
slightly  different  phases  of  the  deformation  histories.  A  measure  of  the  differences  is  given  in 
Table  D-l,  which  lists  the  center  plate  deflections  at  the  time  corresponding  to  the  calculated  shape 
of  Figure  D-25  and  compares  them  with  the  final  calculated  and  measured  plate  center  deflections. 

Overall,  the  calculated  and  measured  general  shapes  of  the  specimens  agree  well,  except  for 
the  already  mentioned  differences  in  maximum  deflections,  indicated  by  A  in  the  figure.  However, 
they  differ  on  some  of  the  details  of  the  deformed  shapes.  Curvatures  are  more  pronounced  in  the 
calculations,  and  no  deformation  occurs  beneath  the  stiffeners.  Moreover,  at  the  higher  initial 
velocities,  the  calculations  show  a  strain  localization  developing  in  the  weldment  region.  A 
pronounced  localization  process  is  not  observed  in  the  experiments,  probably  because  there  is 
coupling  between  strain  localization  and  fracture,  with  the  former  accelerating  the  occurrence  of  the 
latter. 

The  difference  in  deformation  immediately  under  the  stiffener  demonstrates  the  effect  of  the 
boundary  conditions.  In  the  calculations,  the  tops  of  the  stiffeners  are  constrained  in  the  vertical 
and  horizontal  directions  (Figure  D-22);  such  boundary  conditions  are  difficult  to  achieve 
experimentally,  and  the  more  compliant  stiffener  attachment  in  the  experiments  allows  larger 
deflections  underneath  the  stiffeners  than  in  the  calculations.  The  observed  differences  in  curvature 
may  be  due  partly  to  the  differences  in  the  times  at  which  the  calculated  and  experimental  shapes 
are  compared  (in  the  calculation  the  plate  is  still  moving)  or  to  differences  in  the  initial  velocity 
distributions  in  the  simulations  and  the  experiments. 

Table  D-2  gives  a  summary  of  the  stress  and  strain  conditions  in  the  weldment  region  at  the 
location  indicated  in  Figure  D-22.  Although  a  more  detailed  analysis  of  the  data  is  needed,  the 
results  in  Table  D-2  indicate  that  the  degree  of  triaxiality  in  the  dynamic  fracture  experiments  is 
comparable  to  that  in  the  static  experiments.  Strain  rates  in  the  weldment  region  increase  with 
increasing  initial  velocity.  Figure  D-26  shows  typical  strain  rate  histories  for  initial  velocities  of 
1 10  m/s  and  190  m/s,  respectively.  Strain  rates  reach  maximum  values  ranging  from  about  1800 
to  5000  s*1  and  average  values  (averaged  for  one  element  over  the  time  required  to  reach  the 
specimen  maximum  deflection)  ranging  from  1800  to  2800  s*1. 
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Figure  D-25.  Comparison  of  calculated 
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(e)  Specimen  HY-130  WE4-6,  Vo  -  230  m/&,  fractured 

RA-261? -138 

Flyura  D-25.  Comparison  of  calculated  and  measured  fmal  specimen  shapes 
(concluded). 
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Figure  D-26.  Strain  histories  for  base  plate  HAZ  element  immediately 
at  the  toe  of  the  weld  bead. 
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Figure  D-27.  Comparison  o  calculated  maximum  strains  for  base  plate  HAZ 
element  immediately  at  the  toe  of  the  weld  bead  with  the  failure 
envelope  for  HY-130  steel. 
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TABUE  D-l.  COMPARISON  OF  CALCULATED  AND  EXPERIMENTAL  MAXIMUM 
CENTER  PLATE  DEFLECTIONS 


V0FE 

Simulation 

(m/s) 

dmaxFE 

Simulation 

(mm) 

dlinal  EE 
Simulation 
(mm) 

dFEin 
Fig  D-25 
(mm) 

vo 

Experiment 

(m/s) 

dmax 

Experiment 
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. (%) 
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9.8 
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138 

20.2 

17.8 
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- 

- 

142 

17.6 

15.2 

13 

190 

23.8 

21.7 

22.9 

- 

-  . 

. 

- 

192 

23.5 

22.1 

1 

230 

32.5 

30.9 

31.6 

- 

- 

«< 

- 

235 

20.4 

28.4 

7 

TABLE  D-2.  STRESS.  STRAIN,  AND  STRAIN  RATES  IN  THE  WELDMENT 
REGION  IN  DYNAMIC  FRACTURE  EXPERIMENTS 

r.  Ec(£mean/teff).  (e'  eff)av  (epeff)max 


Vn(M/S) 

tmean/teff 

(epeff)max 

FROM  FIGURE  D-2 

(S'1) 

(S'1) 

no 

0.78 

0.18 

0.22 

1100 

1800 

138 

0.74 

0.255 

0.26 

1500 

1900 

190 

0.71 

0.33 

0.27 

1900 

2800 

0.67a 

0.36a 

0.3 1A 

230 

0.64 

0.51 

0.34 

2800 

3900 

0.63a 

0.7a 

0.28a 

SOOOA 

aVALUES  FOR  PLATE  SURFACE  HAZ-ELEMENT  ADJACENT  TO  HAZ-BM  INTERFACE. 


The  maximum  strain  reached  in  the  weldment  region  also  increases  with  initial  velocity. 
The  maximum  strains  achieved  in  the  HAZ  at  the  top  surface  of  the  plate  and  the  failure  strains 
from  Figure  D-2  are  compared  in  Table  D-2  and  Figure  D-27.  For  Vo  equal  to  1 10  m/s,  the 
maximum  strain  is  well  below  the  failure  strain;  for  Vo  equal  to  138  m/s,  the  maximum  strain  is 
comparable  to  the  failure  strain;  for  Vq  equal  to  190  m/s,  the  maximum  strain  is  about  20  percent 
higher  than  the  failure  strain;  and  for  Vq  equal  to  230  m/s,  the  maximum  strain  can  be  more  than 
twice  the  failure  strain. 
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The  maximum  strain  data  are  consistent  with  the  experimental  observations  that  show 
fracture  initiation  for  Vo  between  140  and  190  m/s  and  complete  fracture  for  Vq  between  190  and 
230  m/s;  they  are  also  consistent  with  the  fracture  strain  estimated  in  the  static  fracture  experiments. 

Discussion  and  Conclusions.  The  analysis  of  the  dynamic  fracture  expeiiments  is  not 
complete.  We  expect  to  gain  more  insight  into  the  specimen's  structural  response  by  looking  at 
strain  histories  at  various  locations  along  the  plate  to  determine  the  formation  and  propagation  of 
plastic  hinges.  Nevertheless,  the  current  analysis  demonstrates  that  the  simulation  method  gives  a 
good  approximation  of  the  actual  specimen  behavior  and  that  the  measurement  of  the  plate  center 
velocity  history  provides  adequate  experimental  input  for  the  simulations. 

Improvements  in  the  model  predictions,  especially  concerning  the  overall  deformed  shape 
of  the  specimen,  can  be  achieved  by  adjusting  the  boundary  conditions  tc.  re  lect  the  plate  and 
stiffener  clamping  conditions.  This  step,  an  easy  modification  of  the  current  finite  element  model, 
will  involve  introducing  dements  with  adjustable  stiffness  at  the  boundary  locations  where  plate 
and  stiffeners  are  damped. 

The  stress-and-strain  fields  obtained  with  the  simulations  indicate  that  in  spite  of  the 
difference  in  loading  mode  and  strain  rate  (on  the  order  of  several  thousands  per  second  in  tire 
dynamic  experiments),  fracture  in  the  dynamic  experiments  occurs  at  strain  and  triaxiality  level 
consistent  with  those  in  the  static  expeiiments,  suggesting  that  the  strain  based  ductile  fracture 
criterion  applied  in  one  type  of  experiment  may  also  be  applicable  in  tr.e  other.  More  work  will  be 
needed  to  confirm  this  conclusion. 

ELASTOPLASTIC  FRACTURE  MECHANICS  CALCULATIONS 

Introduction 

In  the  static  as  well  as  the  dynamic  fracture  experiments,  we  did  not  monitor  the  crack 
extension  behavior  in  detail.  Therefore,  we  cannot  quantify  possible  non-replica  scaling  effects 
associated  with  crack  extension  in  specimens  of  different  scales,  using  experimental  data  alone.  To 
provide  at  least  a  sough  estimate  of  the  magnitude  of  the  nonscaling  effects  that  can  be  anticipated 
during  crack  extension,  we  perfotmed  an  elastoplastic  fracture  analysis  of  crack  growth  in  HY-130 
steei  tiiree-point-bend  specimens  of  different  sizes. 
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In  this  analysis  we  applied  the  J-imegral-bascd  engineering  EPFM  methodology  developed 
by  Kumar,  et  al.  unvie r  contract  from  the  Electric  Power  Research  Institute.0*16  In  this  approach, 
the  crack-driving  force  is  expressed  in  terms  of  Rice's  path-independent  J-integral,0*17  and  tire 
material  fracture  resistance  is  expressed  in  terms  of  the  associated  J-resistance  curve,  which  is 
measured  in  laboratory  experiments  on  small  specimens  (see  Figure  A-8  in  Appendix  A  for  the 
J-resistance  curve  of  HY-130  steel).  In  the  engineering  EPFM  methodology,  the  applied  J 
resulting  from  the  loading  on  the  structure  is  estimated  by  combining  linear  elastic  solutions  and 
fully  plastic  deformation  plasticity  solutions. 

To  estimate  the  difference  in  crack  growth  behavior  with  weldment  scale  during  static 
fracture  experiments,  we  simulated  elastoplastic  crack  growth  in  tliree  HY-130  steel  three-point- 
bend  bars,  each  with  the  same  initial  ratio  of  crack  length  over  specimen  width  of  0.5.  The 
geometry  of  the  bend  bars  corresponds  to  the  standard  ASTM  E813  specimen.0*18  The  three  bars 
were  6.35,  12.7,  and  25.4  mm  wide,  corresponding  to  the  1/8 -,  1/4-,  and  1/2-scale  experiments 
respectively.  The  stress-strain  curve  in  Figure  A-ll  and  the  J-resistance  curve  in  Figure  A-8  were 
used  as  material  models  for  HY-130  steel  in  the  simulation. 

Obviously,  modeling  weldment  fracture  with  that  of  three-point-bend  bars  is  a  very  crude 
approach,  because  their  geometry  and  loading  are  different.  Moreover,  in  the  weldment  fracture, 
the  initial  crack  nucleated  in  the  HAZ  propagates  into  material  that  has  already  undergone  extensive 
plastic  deformation,  whereas  in  the  throe-point- tend  bar  simulation,  the  crack  gro'-'S  into  material 
iviti*.  only  limited  plastic  deformatior.  Despite  these  strong  limitations,  elastoplastic  fracture 
calculations  can  provide  an  order  of  magnitude  estimate  of  scaling  effects  during  crack  growth  in 
HY-130  steel 


Tire  results  of  the  EPFM  simulation  are  presented  in  Figure  D-28,  which  plots  the 
normalized  load  deflection  and  crack  extension  for  the  three  bend  specimens.  The  load  was 
normalized  by  the  parameter 
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where  S,  B,  and  H  are  the  span  between  supports,  the  w'idth,  and  the  thickness  of  the 
corresponding  weldment  fracture  specimen,  respectively,  and  cry  is  the  yield  strength.  Here  we 
chose  to  normalize  with  tire  weldment  fracture  specimen  dimensions  tc  facilitate  discussion  of  the 
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Figure  D-28.  Normalized  results  of  EPFM  analysis  of  three-point-bend 
specimens  of  different  sizes. 
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results.  This  choice  does  not  affect  the  results,  because  B  and  H  are  the  same  for  the  three-point- 
bend  bar  and  the  corresponding  weldment  specimen,  whereas  the  ratio  of  the  three-point-bend  bar 
span  to  the  weldment  specimen  span  is  2/7.  The  displacement  and  the  crack  extension  have  been 
normalized  by  the  specimen  width  H. 

In  Figure  D-28,  we  indicated  the  points  of  crack  initiation  for  each  of  the  three  specimen 
scales,  as  well  as  the  points  at  which  each  specimen  reached  the  same  normalized  crack  growth 
increment  of  0.15,  for  a  total  crack-depth-to-specimen-width  ratio  of  0.65.  We  evaluated  the 
scaling  effect  during  crack  extension  by  comparing  the  increase  in  displacement  and  the  energy 
needed  to  extend  the  crack  by  a  normalized  increment  of  0.15.  The  results  are  shown  in 
Table  D-3. 

An  increase  in  scale  by  a  factor  of  4  induced  differences  in  the  displacement  increments  and 
energy  dissipations  of  17  and  33  percent,  respectively. 


TABLE  D-3.  ESTIMATE  OF  NON-GEOMETRIC  SCALING  EFFECT  DURING  0.15  NORMALIZED 
CRACK  GROWTH  IN  THREE-POINT-BEND  BARS  (INITIAL  CRACK-DEPTH-TO- 
SPECIMEN-WIDTH  RATIO  0.5,  HY-130  STEEL) 


Normalized  displacement 
Increment 

Normalized  energy  dissipation 


1/8-SCALE 

1/4-SCALE 

1/2-SCALE 

MAXIMUM 

DIFFERENCE 

<%) 

0.062 

0.058 

0.053 

17 

0.0069 

0.006 

0.0051 

33 

Next  we  compared  the  normalized  displacement  increments  and  energy  dissipations  to 
those  at  the  beginning  of  a  macrocrack  in  the  static  weldment  fracture  experiments  (see 
Appendix  B).*  The  comparison  revealed  that  the  displacement  increment  to  grow  the  crack  is  on 
the  order  of  only  10  percent  of  the  total  displacement  at  macrocrack  initiation.  Therefore,  non¬ 
geometric  scaling  effects  during  crack  growth  induced  differences  in  displacement  amounting  to 
only  a  few  percentage  points  of  the  total.  Similarly,  the  energy  dissipation  during  crack  growth  is 
only  a  fraction  of  1  percent  of  the  total,  and  the  differences  introduced  by  non-geometric  scaling 
effect  would  be  even  smaller. 


*To  account  for  the  difference  in  span  between  the  three-point-bend  and  the  weldment  fracture  specimens,  we 
multiplied  the  normalized  displacements  in  Table  D-3  by  a  factor  of  3.5. 
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Discussion  and£flnglusion 

We  obtained  very  crude  estimates  of  non-geometric  scaling  effects  by  performing  an  EPFM 
analysis  of  standard  three-point-bend  specimens.  Comparing  these  estimates  with  the  results  of  the 
weldment  static  fracture  experiments  indicated  that  differences  in  the  displacement  increments  and 
energy  dissipations  during  crack  growth  caused  by  nongeometric  scaling  amounted  to  only  a  few  * 

percentage  points  at  most,  In  view  of  the  great  scatter  in  experimental  data,  it  is  doubtful  that  we 
could  observe  the  slight  differences  induced  by  scaling  effects.  Therefore,  we  are  justified  in 
concluding  in  Appendix  B  that,  in  first  approximation,  there  does  not  appear  to  be  a  non-geornetric 
scaling  effect  in  the  cr  ick  growth  phase  of  the  weldment  static  fracture  experiments. 

CONCLUSIONS 

Our  modeling  effort  was  aimed  at  providing  a  better  understanding  of  the  factors  affecting 
the  fracture  behavior  of  weldments  of  different  scales  by  faithfully  simulating  the  structural  and 
fracture  response  of  the  test  specimens  using  finite  element  analysis  and  a  local  fracture  model. 

Although  more  work  is  still  needed,  the  results  presented  here  show  that  our  analytical 
effort  has  met  its  objectives.  We  have  demonstrated  our  ability  to  simulate  faithfully  the  structural 
response  of  the  specimens  used  in  both  static  and  dynamic  fracture  experiments.  We  have 
developed  a  weldment  fracture  model  that  incorporates  the  essential  physical  parameters  governing 
ductile  fracture  of  weldments  and  is  capable  of  predicting  initiation  and  growth  of  cracks  in 
weldments  of  different  sizes.  Finite  element  simulations  have  provided  quantitative  information  on 
the  critical  stress-and-sTai.i  conditions  for  fracture  in  the  dynamic  fracture  experiments  and  on  the 
effect  on  fracture  of  strength  and  geometric  variations  in  the  weldment  region.  Through  analysis, 
we  have  also  demonstrated  that  nor, scaling  effects  during  crack  growth  in  HY-130  steel  are 
negligible  compared  with  the  data  scatter. 

The  models  and  analytical  methods  we  have  developed  can  now  help  to  extrapolate  the 
empirical  scaling  rules  derived  in  the  present  program  to  larger,  nonexperimentaily  investigated 
scales  and  to  define  simple  fracture  characterizing  parameters  for  welded  T-joints.  With  the  correct 
material  properties,  these  methods  can  easily  be  extended  to  analyzing  weldment  fractures  in  other 
alloys,  such  as  the  two  titi  nium  alloys  under  investigation  in  the  second  phase  of  the  present 
project. 
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